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ABSTRACT 


A  miniature,  pancake- style  resolver  which  employs  the  principle  of 
measuring  the  capacitance  between  a  plane  parallel  electrode  structure 
has  been  developed.  One-half  contains  a  pattern  structure  electrically 
excited  by  100-Khz  voltage;  the  other  consists  of  a  pickoff  structure  whose 
output  signals  are  proportional  to  sine  and  cosine  functions  of  the  angular 
displacement  of  the  two  elements.  This  entire  assembly,  and  its  signal 
processing  electronics,  is  0.9  inches  in  diameter  and  0.  13  inches  thick. 

Its  accuracy  is  at  least  10  arc -minutes.  Theoretical  discussion  includes 
pattern  and  pickoff  element  design,  mechanical  and  electrical  error  analysis, 
and  electronic  design.  Experimental  discussion  includes  the  computer- 
generation  of  patterns  and  pickoff  geometries,  the  fabrication  of  the  elements 
using  the  thin-film  techniques  of  the  semiconductor  industry,  and  construc¬ 
tion  of  an  electronics  package  using  hybrid  microcircuits.  A  special  mech¬ 
anical  test  fixture  which  allowed  the  deliberate  introduction  of  positional 
errors  to  evaluate  their  effects  on  accuracy  was  developed.  Preliminary 
work  on  a  1. 5-inch  diameter  model  is  also  given. 
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SECTION  I 
INTRODUCTION 


1.1  PURPOSE 

A  continued  pressure  toward  smaller,  more  sophisticated  airborne  systems 
has  identified  a  requirement  to  develop  smaller  sensors  that  will  be  needed 
to  implement  these  systems.  A  study  of  miniaturized  inertial  navigation 
systems  pointed  to  the  lack  of  a  platform  angle  sensor  that  would  satisfy 
the  extreme  requirements  of  small  size  and  potential  low  cost  and  be  com¬ 
patible  with  the  inertial  sensors  and  other  components  which  are  in  close 
proximity  in  a  miniaturized  configuration. 

1.2  RESOLUTION 

To  meet  these  needs,  the  Air  Force  Flight  Dynamics  Laboratory,  Wright- 
Patterson  Air  Force  Base,  placed  a  contract  with  the  Guidance  and 
Control  Systems  Division  of  Litton  Systems,  Inc.,  for  the  investigation  of 
a  miniature  capacitive  resolver.  The  requirements  for  the  capacitive 
resolver  grew  out  of  a  proposal  that  Litton  made  to  FDL  and  evolved  from 
work  done  in  a  developmental  program  in  1963-4.  This  earlier  work  with 
capacitive  angle  sensors  identified  problem  areas  in  the  design  and  fabrica¬ 
tion  of  a  resolver-like  element  which  has  signal  processing  electronics 
as  an  integral  part.  Surprisingly,  these  problems  are  resolved,  l^r  the 
most  part,  when  the  device  is  made  smaller.  The  capacitive  resolver  con¬ 
figuration  chosen  as  a  basis  for  the  present  work  is  a  pancake-like  structure, 
with  the  capacitor  electrodes  (or  plates)  resembling  two  opposed  annuli. 

The  accuracy  of  the  device  is  dominated  by  the  quality  of  the  two  electrode 
surfaces,  and  by  the  uniformity  of  the  space  between  them.  As  the  sizes  of 
the  elements  of  the  capacitive  resolver  approach  the  size  of  silicon  semi¬ 
conductor  wafers,  the  highly  sophisticated  materials  and  processes  of  the 
whole  semiconductor  technology  become  available  for  the  precise  fabrica¬ 
tion  of  these  elements.  Furthermore,  the  entire  fabrication  process  is 
compatible  with  the  design  requirements  for  having  the  signal  processing 
electronics  as  an  integral  part  of  the  device,  and  at  potentially  low  cost. 


1 


1.  3  CONTRACT  REQUIREMENTS 


Work  was  started  on  8  January  1968  on  Air  Force  Contract  Number 
F33615-68-C-1181,  for  the  development  of  a  miniature  capacitive  resolver 
and  was  concluded  1  April  1969.  The  contract  requirements  were  to  design 
and  develop  the  processes  required  to  fabricate  a  device  0.9  inches  in 
diameter  and  0.  13  inches  high  whose  electrical  output  would  be  proportional 
to  the  sine  and  cosine  functions  of  the  angle  through  which  the  device  was 
rotated,  to  a  design  goal  accuracy  of  10  arc  minutes  of  angle  (not  to  exceed 
30  arc  minutes  of  angle),  and  to  evaluate  the  principal  error  contributors 
to  this  device. 
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SECTION  n 

GENERAL  DESIGN  CONSIDERATIONS 


2.  1  SCOPE 

This  section  discusses  the  various  mechanical  and  electrical  design 
considerations  and  trade-offs  required  in  a  miniature  capacitive  resolver. 

2.2  CONFIGURATION 

The  requirements  imposed  on  a  capacitive  resolver  by  its  installation  in  and 
around  the  bearing  journals  of  the  gimbals  of  a  miniaturized  inertial  platform 
restrict  the  size  and  shape  of  the  device  severely.  In  general,  the  signal-to- 
noise  ratio  and  the  resulting  precision  of  the  device  increase  with  an  increased 
signal  output  lev^l,  and  since  the  signal  transferred  through  a  capacitance  is 
proportional  to  the  capacitance,  it  is  desired  to  have  as  large  a  capacitance 
as  is  consistent  with  other  packaging  constraints.  Closely  spaced  opposed 
discs  accomplish  this,  and  this  geometry  allows  for  precise  fabrication. 

The  coupled  signal  in  a  capacitive  device,  formed  from  two  opposed  discs, 
is  proportional  to  the  square  of  its  diameter  and  is  inversely  proportional 
to  the  gap  separating  the  discs.  With  length  (or  height)  and  diameter  at  a 
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premium,  the  design  trend  is  to  the  smallest  practical  gap.  Another  con-  ' 
straint  th.it  further  defines  the  shape  of  the  device  arises  from  the  practical 
problem  that  is  associated  with  the  gimbal  bearings.  Any  bearing  system 
that  would  surround  or  enclose  the  device  would  naturally  increase  its 
diameter,  and  thus  conflict  with  miniaturization  requirements.  In  addition, 
since  the  incremental  area  between  opposing  plates  at  any  radius  increases 
as  the  radius,  the  outer  margins  of  a  capacitive  resolver  should  be  used  for 
the  capacitance  area  and  the  inner  areas  used  for  bearings  and  shafts.  Thus 
the  disc  becomes  an  annulus,  with  a  hole  through  its  center  large  enough  for 
a  stiff  shaft  to  extend  through  it. 

The  form  of  the  miniature  capacitive  -esolver  is  restricted  to  a  set  of  thin 
opposed  washer-like  elements.  The  size  is  defined  as  a  design  requirement 
of  the  program:  0.  9  inches  in  diameter,  with  a  0,  37-inch  diameter  hole  in 
its  center,  and  with  a  total  height,  including  signal  processing  electronics, 
of  0.  13  inches.  An  outline  drawing  is  shown  in  figure  1. 
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Figure  1.  Outline  Drawing  of  Complete 
Capacitive  Resolver  Package 


2.3  ELECTRICAL  PERFORMANCE  REQUIREMENTS 

Consideration  of  the  electronics  requirements  for  the  capacitive  resolver 
shows  that  it  is  primarily  a  problem  in  impedance  matching.  The  classical 
electromechanical  servo  elements  are  inductive  devices,  operated  at  low 
audio  frequencies,  and  characterized  by  impedance  levels  of  a  few  hundred 
to  a  few  thousand  ohms.  Here,  however,  concern  is  with  passing  usable 
electrical  signals  through  quite  small  capacitances,  typically  10  picofarads 
or  less  The  reactance  of  such  a  capacitance  at  low  audio  frequencies, 
e.g.,  1  kilohertz,  is  enormous  (16  megohms  for  10  pf);  thus,  high  operating 
frequencies  are  employed  to  reduce  the  impedance  to  a  reasonable  level. 
Current  planning  for  future  guidance  systems  involves  frequencies  of  100  Khz, 
and  this  value  will  be  employed  here.  At  100  Khz,  one  can  employ  rather 
conventional  signal  processing  techniques  with  RC  type  components;  fre¬ 
quencies  much  higher  than  this  will  usually  require  resonant  circuits,  using 
inductors  in  addition  to  resistors  and  capacitors,  and  should  be  avoided 
because  of  the  difficulties  inherent  in  miniaturizing  inductive  components. 

It  will  be  shown  that  commercial  integrated  operational  amplifiers  are  of 
great  use  in  this  application,  and  the  upper  limit  of  their  performance  is 
being  approached  at  100  Khz. 
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The  general  design  of  the  capacitive  resolver  should  not  result  in  a  system 
which  requires  complicated  electronic  signal  processing,  either  in  the  area 
of  supplyring  voltages  to  the  driven  elements  or  in  processing  the  signals  from 
the  pickoff  elements.  This  is  especially  true  for  the  pickoff  electronics, 
since  it  is  desired  to  keep  in  mind  the  possible  goal  of  preparing  the  pickoff 
electronics  as  a  single,  low-cost,  monolithic  circuit. 

2.  4  MATERIALS  AND  PROCESSES 

The  materials  and  processes  that  are  used  in  fabricating  elements  of  the 
miniature  capacitive  resolver  have  been  chosen  with  an  eye  toward  the 
eventual  production  cost  of  this  device.  The  utilization  of  semiconductor 
related  processing  techniques  implements  fabrication  and  assembly  methods 
of  potentially  low  cost,  provided  that  the  choice  of  materials  and  the  detail 
shape  of  various  elements  do  not  eliminate  that  potential.  In  general,  the 
capacitive  resolver  is  not  limited  by  fabrication  techniques  because  it  is 
orders  of  magnitude  larger  than  the  typical  semiconductor  devices  that  are 
made  with  similar  metallization  and  interconnection  processes.  A  smaller 
resolver  would  be  potentially  no  more  costly  to  fabricate  than  one  0.  9  inches 
in  diameter,  however,  its  performance  might  suffer  somewhat  from  signal- 
to-noise  problems. 

During  the  course  of  the  program,  methods  and  material  systems  were  used 
that  are  compatible  with  the  philosophy  of  potential  low  cost,  and  are  not 
limited  to  a  device  of  exactly  the  size  specified.  While  fused  quartz  was 
used  as  a  substrate  material  in  the  developmental  steps,  an  end  item  sub¬ 
strate  material  is  probably  alumina  or  a  similar  dimens  ionally-stable 
cerr.mic.  Thr  signal  processing  electronics  were  built  in  an  unsophisticated 
hybrid  micro*  lectronic  assembly  fo*  the  engineering  model,  being  a  com¬ 
bination  of  discrete  components,  thin  film  networks,  integrated  circuit 
amplifiers,  in  chip  form,  and  epoxy/glass-etched  circuitry.  The  electronics 
eventually  will  become  part  of  the  pattern  or  pickoff  substrate  fabrication 
with  a  very  minimum  of  discrete  components  as  more  large  scale  integrated 
circuitry  becomes  available.  Again,  the  potential  low  cost  end  item  is  a 
goal. 

2.5  PROGRAM  TASKS 

The  program  to  develop  a  miniature  capacitive  resolver  is  broken  into  a 
series  of  development  tasks  that  fall  into  three  groups. 

The  first  group  consists  of  those  tasks  that  are  associated  with  the  design, 
fabrication,  test,  and  evaluation  of  standard  pattern  and  pickoff  configura¬ 
tions  for  the  capacitive  electrodes.  The  usage  here  is  that  the  pattern 
electrode  is  the  insulated  disc  having  on  its  surface  a  metallic  pattern 
driven  by  an  external  voltage  source;  the  pickoff  is  a  similar  disc  whose 
metallic  layout,  in  close  proximity  to  the  pattern  disc,  picks  up  the 
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signals  capacitively  coupled  from  it  and  delivers  them  to  the  signal 
processing  electronics.  The  second  group  of  tasks  centers  on  the  design, 
fabrication,  test,  and  evaluation  of  the  signal  processing  electronics  that 
will  be  an  integral  part  of  the  device.  The  third  group  is  comprised  of  a 
single  task;  the  design,  fabrication,  test,  and  evaluation  of  an  engineering 
model  of  the  0.9-inch  diameter  capacitive  resolver. 


SECTION  III 


CAPACITIVE  PATTERN  AND  PICKOFF  DESIGN 


3.  1  SCOPE 

The  various  possible  geometries  available  for  annular  patterns  are 
discussed  here;  an  appropriate  choice  minimizes  certain  errors  and  simpli¬ 
fies  the  signal  processing.  Pattern  generation  with  a  computer -controlled 
plotter  is  described,  together  with  artwork  and  scaling  problems. 

3.2  PATTERN  SELECTION 

The  desired  output  of  the  capacitive  resolver  is  a  signal  that  is  proportional 
to  the  angle  through  which  the  device  is  rotated,  and  is  continuous,  so  that 
no  discontinuities  or  ambiguities  are  encountered  regardless  of  the  initial 
starting  point,  the  direction  of  rotation,  and  the  magnitude.  These  con¬ 
straints  are  all  satisfied  by  the  periodic  sinusoidal  functions,  sine  and 
cosine,  and  these,  of  course,  are  the  output  functions  of  the  classic  electro¬ 
magnetic  resolver. 

First  consider  a  simplified  problem  using  rectangular  coordinates.  The 
simplest  of  patterns  for  this  geometry  is  shown  in  figure  2,  where  the 
independent  variable  is,  for  future  convenience,  called  6.  There  is  a  metal¬ 
lic  surface  of  total  width  2W  and  indefinite  length,  divided  into  two  parts  or 
elements  by  an  infinite smally  thin  boundary  generated  by  the  function  Wcos0. 
The  upper  half  of  this  pattern,  shown  cross-hatched,  is  excited  by  an  a-c 
voltage  source  and  the  other,  unshaded  half,  by  a  similar  voltage  source  of 
exactly  equal  amplitude  and  opposite  phase. 

The  metal  pickup  areas  are  shown  as  the  dotted  rectangles  of  height  2W  and 
width  2A9,  and  are  positioned  identically  above  the  pattern  plane.  They 
are  constrained  to  motion  only  in  the  0  direction.  The  geometry  here  is  that  of 
the  classical  plane  parallel  plate  capacitor,  and  all  fringing  effects  are  to  be 
neglected.  The  capacitance  between  the  pickoff  and  pattern  areas  is  thus 
directly  proportional  to  the  common  surface  area  between  them,  and  a  signal 
on  a  pickoff  plate  may  be  spoken  of  as  being  equal  to  an  area,  with  the  capaci¬ 
tive  coupling  coefficient  assumed. 
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Figure  2.  Simple  Sinusoidal  Pattern 
in  Rectangular  Coordinates 


Note  also  that  the  use  of  voltages  of  equal  magnitude  and  opposite  phase  on 
the  pattern  elements  allows  the  use  of  the  principle  of  superposition  to 
obtain  the  net  effect  on  a  pickoff  element  of  the  two  coupled  areas:  It  may 
be  said  that  a  positive  voltage,  or  area,  "induces"  a  positive  signal  on  the 
pickoff;  similarly  a  negative  signal  results  from  the  area  with  a  negative 
voltage  and,  since  the  magnitudes  of  the  pattern  voltages  are  equal,  the  net 
effect  is  simply  the  difference  in  coupled  areas.  Therefore,  the  net  coupled 
signal  is  calculated  simply  from: 


6+A$ 

A(0)  .  =1  I  A(6)  .4.  -A(e)  ]d6 

net  J  I  positive  negative  I 


(3.  1) 
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where 


A(0)  ...  =  W  ( 1  -  cos  0),  the  height  of  the  upper  element 

positive 

A(0)  ..  =  W(l+cos  0),  the  height  of  the  lower  element 

negative 

then: 


A(0) 


net 


0+A<t> 


CO80d0 


0-A<|> 


-4Wsin  A4>cos0 


(3.2) 


A  second  pickoff  area  (area  2,  figure  2)  displaced  from  the  first  by  ir  will 
have  coupled  to  it  a  similar  net  signal  of  the  same  magnitude  but  opposite 
in  sign,  assuming,  of  course,  that  the  areas  are  of  the  same  width,  and  in 
the  case  of  a  capacitor,  are  coupled  with  the  same  gap.  A  third  and  fourth 
set  of  pickoff  areas  (not  shown  in  the  f  <?ure),  each  displaced  from  the  first 
two  by  tt/2,  would  have  coupled  to  thei  the  complementary  sinusoidal 
function.  The  output  of  the  two  pairs  t  l,  would  be: 

El2(0)  =  a  [a^B,  ,(0)]  =  -Ecos0 

i  |  ^3* 

E34(0)  =  •  A3(0)-A4(0)|  =  +Esin0 


These  output  signals  would  be  maximum  (in  gain)  when  the  four  plates  filled 
the  space  Ztr,  or  were  each  ir/2  wide.  V, ith  the  foregoing  constraints,  these 
output  signals  are  exactly  proportional  to  the  complementary  sinusoidal 
functions,  and  free  from  error  terms.  It  would  appear  then  that  the  simple 
pattern  of  figure  2  is  the  ideal  pattern  for  the  capacitive  resolver,  and  needs 
only  to  be  mapped  on  the  desired  surface  in  order  to  achieve  a  theoretically 
error-free  output  signal.  If  the  surfaces  were  cylinderical,  such  would  be 
the  case,  but  when  the  surfaces  are  annuli,  error  terms  are  introduced. 


3.3  THE  TWO- ELEMENT  PATTERN 


Consider  the  pattern  shown  in  figure  3a.  This  is  simply  the  pattern  of 
figure  2  mapped  on  an  annulus;  that  is,  two  pattern  elements  separated  by 
a  line  that  is  generated  by  the  function  R(l-ccosO),  where  R  is  the  mean 
radius  of  the  annulus  and  t'is  its  normalized  width  (W/R).  Visualize  a 
matching  annular  pickoff  sector  of  width  n/ 2,  coupling  signal  from  both  the 
positively  and  negatively  driven  pattern  elements  as  shown  in  figure  3b. 
This  net  area  coupled  from  one  pickoff  plate  will  be: 


0+TT/4 

7°  (r  ‘ 

Ane«le)=J 

1  pdp  -  1  pdp 

0-W  4 

Lr  r  J 

(3.4) 
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>■%.  -  Jr*  ».  1 0**t 


e+w/4 

Anet(6)  =  1  tzj  (  r„  -  l  r2  t  »?  )  d6  (3.5) 

G-it/4 

6+W4 

Anet(6)  =  r2<’  /(  2  cosG  +  «'  sin  0  j  d0  <  (3.6) 

0-n/4 

Anet(0)  =  2R2€'n/2  |cos  0  +  -i~-  ^  -  cos  2@j  |  (3.7) 

The  output  of  a  single  pickoff  quadrant  contains  not  only  the  desired  single 
speed  term,  cos  0,  but  also  zero  and  second  speed  terms,  which  here  con¬ 
tribute  unwanted  components,  or  errors.  When  opposite  pickoff  quandrants 
are  subtracted,  however,  the  errors  cancel: 


A  (0)  =  A  (0)  -  A  (0  ±tt)  =  4  R2c  '\i2  cos  0 
total  net  net  fi 

=  4  R Wsfe  cos  0 

and  the  output  function  is  exactly  sinusoidal  provided,  of  course,  that  the 
addition  (or  subtraction)  is  exact.  This  signal  processing  is  done  electron¬ 
ically  (with  operational  amplifiers)  in  the  miniature  capacitive  resolver, 
and  therefore,  will  place  gain -matching  constraints  on  these  electronics. 

If  a  pattern  whose  net  coupled  signal  from  each  pickoff  quandrant  is  exactly 
sinusoidal  can  be  found,  then  the  matching  constraint  on  the  electronics 
could  be  relaxed.  The  pattern  which  satisfies  these  criteria  turns  out  to  be 
a  simple  extension  of  the  two- element  pattern. 


3.4  THE  THREE- ELEMENT  PATTERN 


Consider  the  pattern  shown  in  figure  4,  and  again  visualize  an  opposed 
annular  set  of  pickoff  quandrants.  The  generating  functions  are 
r  =  R[  1  (1  -cos  0)],  where  R  is,  as  before,  the  mean  annular  radius  and 

<  is  the  normalized  annular  half-width  (W/2R).  The  net  coupled  signal 
to  a  pickoff  quadrant  is: 


A  (0)  = 
net 


!♦  t  /°  A  h  i 

=  1  \J  pdp  -/  pdp  +/  pdp  I 

0-it/4*-  rk  r;  ri  J 


d0 


(3.9) 
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r0  =  R(1  +  2«) 

f'  rR  =  +  «<1  -  coi  0)] 

/  y-  JT.  =  Rfl  -  «  (1  -  CO»  0)] 


r.  =  R(1  -  2«) 


e  0 


Figure  4.  The  Three -Element  Circular  Pattern 


0+ir/4 


Anet«»>  *  1/2 /[(r°  -  ri  )  -  2(rk  -  rj2)]  «  <3‘  >°> 


0-  tr/4 


0+it/4 

A  .(0)  =  4R^«  /cos  0  d  0  =  4R^«  \JZ  cos  0 
net  J 

0-  ir/4 


(3.11) 


This  is  exactly  the  desired  output  function,  without  any  error  terms.  In  a 
similar  manner  to  the  two-element  pattern,  the  signals  from  opposite  plates 
may  be  combined  to  double  the  output  voltage. 


A(0)  x  .  =  8R  €  \/2cos0  =  4RW  n£cos0 
total 


(3.12) 


Note  that  the  magnitude  of  the  output  function  A(0)totai  depends  only  on  R, 
W,  and  0,  and  is  independent  of  the  choice  of  the  two-or  three- element 
pattern. 

This  three- element  pattern  was  chosen  as  the  standard  pattern  for  the 
miniature  capacitive  resolver. 
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3.  5  PAT  TERN  GENERATION 


The  resolution  of  detail  that  can  be  attained  in  a  semiconductor  related 
photo- image-and- etch  process  places  a  constraint  on  the  generation  of 
artwork  and  subsequent  reduction  to  masks  if  accuracy  commensurate  with 
the  processing  capabilities  is  to  be  preserved.  While  semiconductor  artwork 
is  typically  made  up  of  elements  of  straight  lines  and  circles,  which  are 
simple  to  mechanize  in  artwork,  the  three-element  pattern,  while  it  contains 
circles  and  straight  lines,  is  principally  the  locus  of  a  continuously  varying 
analytic  function.  Though  this  pattern  can  be  generated  kinematically 
(in  fact,  a  model  of  a  mechanical  pattern  generator  was  fabricated  early  in 
the  program  to  evaluate  its  effectiveness)  it  soon  becomes  apparent  that, 
if  for  ro  other  reason  than  scaling,  a  mechanical  technique  is  to  be  avoided. 
The  mechanical  plotting  device  itself  has  the  serious  drawback  of  cutting  or 
inking  too  thick  a  pattern  line  unless  the  pattern  artwork  is  many  times 
actual  size.  Also,  the  looseness  of  fit  or  backlash  between  the  many  inter¬ 
related  moving  pieces  of  the  mechanism  is  intolerable. 

Hand  plotting  and  cutting  (or  taping)  artwork  of  huge  dimensions  is  also  a 
poor  approach,  particularly  when  standard  pattern  artwork  is  to  provide  an 
essentially  error-free  pattern  that  will  be  used  to  evaluate  mechanical 
perturbations  such  as  tilt  and  eccentricity. 

The  ideal  pattern  generator  would  plot  10X  or  20X  artwork,  accurately  to 
within  0.  001  inch,  and  the  plotting  trace  of  the  pattern  (and  later  the  pickoff 
quandrants)  would,  when  reduced,  be  capable  of  imaging  a  continuous  etched 
line  of  0.  0005  to  0.  00 1 -inch  width  in  a  thin  metal  film.  Litton's  Gerber  plot¬ 
ter,  a  computer  controlled  coordinatograph  of  high  precision,  was  applied 
to  this  pattern  artwork  generation.  The  machine  is  programmed  specifically 
for  the  making  of  highly  accurate  1  to  1  artwork  for  multilayer  interconnec¬ 
tion  laminates.  Precise  analytic  function  plotting  had  not  been  attempted 
with  the  Gerber  other  than  an  occasional  try  at  some  three-dimensional 
graphics  as  output  for  computer  programs. 

The  Gerber  plotter  has  a  plotting  area  40  x  40  inches  and  a  plotting  head 
which  is  driven  incrementally  from  a  digital  control  unit  to  within  0.  0008- 
inch  true  position.  In  one  mode  of  operation,  a  light  pencil  mounted  in  the 
plotting  head  images  a  narrow  beam  of  light  on  a  photo -sensitive  surface, 
which  is  then  processed  directly  to  a  negative  (or  positive)  artwork  or  mask. 
The  plotting  routine  for  the  three- element  pattern  requires  that  the  four 
generating  functions  meet  at  three  points  in  the  pattern  (or  when  a  finite  line 
is.  being  plotted,  overlay  exactly  at  three  points).  The  plotter  is  driven 
incrementally  in  x,  y  coordinates,  so  that  the  program  raster  and  the  round¬ 
off  error  accumulation  are  of  importance  in  a  plotting  scheme  where  the  end 
point  is  four  revolutions  (or  pattern  generation)  away  from  the  starting  point, 
as  shown  in  figure  5.  An  input  program  was  written  to  generate  the 
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Figure  5.  Plotting  Sequence  for  Computer -Gene  rated 
Artwork  of  the  Three -Element  Pattern 

incremental  x,  y  inputs  to  the  plotter.  This  program,  in  which  round-off 
error  accumulation  was  limited  to  one  part  in  10*,  provided  that  a  10X 
artwork  for  the  1.  5- inch  diameter  pattern/pickoff  would  be  plotted  accurately 
to  within  0.  001  TIR  across  18  inches.  The  input  program  reduces  not  only 
the  exact  generating  function  but  a  general  analytic  function  as  well  to  x,  y 
increments.  The  program  also  provides  that  pattern  correction  terms,  in 
the  form  of  Fourier  coefficients  derived  from  standard  pattern  testing, 
could  be  added  back  into  the  generating  function  (in  the  correct  sense)  to 
reduce  pattern  error  in  the  next  generation  of  patterns. 

3.  6  PATTERN  SCALING 

The  pattern  generating  functions  are  scaled  by  two  parameters;  R,  the  mean 
radius,  and  c,  the  normalized  (half)  width  of  the  annulus.  Two  sets  of 
standard  patterns  and  pickoffs  were  fabricated,  one  to  match  the  end  it^m 
pattern  size  (slightly  less  than  0.9-inch  diameter)  and  the  other  as  large  as 
could  comfortably  be  accommodated  in  the  semiconductor  wafer  related 
processing  equipments  (slightly  less  than  1.5  inches  in  diameter).  The 
scaling  is  so  arranged  that  only  the  mean  radius,  R,  is  changed  between 
the  two  sizes.  This  was  done  to  provide  the  maximum  amount  of  test  data 
correlation  between  the  two  patterns.  These  parameters  are  established 
for  the  0.9-inch  diameter  configuration,  referring  to  figure  6,  one  obtains: 
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rQ  +  r^  (R0  -  2h)  +  (Rj  +  h)  R0  +  Rj  -  h 
R  =  2  =  2  =  2 

where 

rQ  =  outer  edge  of  metallization 
r  j  =  inner  edge  of  metallization 
R0  =  outer  edge  of  substrate 
R^  =  inner  edge  of  hole  in  substrate 

2h  =  clearance  from  outer  edge  of  metallization  to  outer 
edge  of  substrate 

R  =  pattern  mean  radius. 


For  the  0.9-inch  O.  D.  x  0.375-inch  I.  D.  constraints  of  the  engineering 
model: 

RQ  =  0.  45  in. 


Rt  =  0.  1875  in. 
2h  =  0.  025  in. 


Substrate 


Metallization 


Figure  6.  Pattern  Scaling  Parameters 


then, 


R 


0.45  +  0.  1875  -  0.  0125 
2 


0.3125  inches 


The  normalized  width  is  defined  as 

W 

€  "2R 

where 

2W  =  r  -  r.  =  (R  -2h)  -  (R.  +  h)  = 
o  l  o  x 

R  -R  -  3h  =  0.45  -0.  1875  -0.  0375  =  0.  225  inches 
o  1 


(3.  14) 


(3.15) 


so  that 


0.225/2 
*  "  2(0.3125) 


0.  18 


The  three- element  pattern  artwork  was  plotted  on  stabilized  photographic 
film  at  20X,  and  the  light  pencil  aperature  was  set  at  0.  010  inch.  The  input 
plotting  parameters  were: 

R  =  5*.  25  inches 
e  =  0.  18  inch 

The  resultant  artwork  was  reduced  photographically  to  working  masks  by  a 
semiconductor  mask-making  vendor  (Electromask,  Inc.  of  Van  Nuys, 
California). 
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SECTION  IV 


STANDARD  TEST  PATTERN  AND  PICKOFF  FABRICATION 

4.  1  SCOPE 

In  this  section,  the  choice  and  fabrication  of  the  substrate  material  are 
described,  indicating  the  difficulties  with  ceramics  and  plastics,  and 
describing  the  use  of  fused  quartz,  the  final  choice. 

4.  2  MATERIAL  SYSTEMS  FOR  STANDARD  PATTERNS 

The  requirements  of  the  standard  patterns  limit  the  range  of  materials  and 
processes  that  can  be  used  to  fabricate  them.  While  -t  is  desirable  to  work 
with  material  systems  early  in  the  program  that  will  be  candidates  for  the 
end-item  device,  the  constraints  placed  on  a  "standard  of  measure"  soon 
restrict  the  choices  to  those  having  the  attributes  of  simplicity,  accuracy, 
and  stability. 

Two  systems  of  materials  that  had  potential  end-item  merit  were  considered 
initially.  The  first  of  these  used  a  magnesium  silicate  material,  Ceramsoft, 
as  a  substrate.  The  pattern  metallization  was  a  vacuum  deposited  thin  film 
of  nichrome  and  gold.  The  pattern  was  connected  electrically  to  the  opposite 
side  of  the  substrate  through  holes  that  were  filled  with  electroplated  copper. 
The  system  was  chosen  because  it  had  a  significant  advantage  over  others 
first  considered;  the  substrate  material  could  be  machined  in  the  "green"  or 
unfired  state  and,  when  fired,  experience  negligible  dimensional  change. 

This  material  had,  in  fact,  been  employed  in  certain  places  in  inertial 
instrument  construction  where  these  properties  allowed  the  ceramic-like 
material  to  be  machined  into  intricate  shapes  and  then  fired.  The  disadvan¬ 
tages  of  the  system,  however,  were  significant.  The  fired  substrate 
material  was  porous  and  it  was  difficult  to  obtain  a  smooth  surface,  even  by 
lapping  the  fired  material.  This  granularity  or  porosity  also  made  both 
vacuum  deposition  and  electroplating  of  metals  a  processing  problem. 
Because  the  substrate  material  was  difficult  to  clean,  it  behaved  like  a 
"sponge"  for  all  sorts  of  unwanted  contaminants.  The  result  was  poor 
quality  metallization  that  resulted  in  even  poorer  quality  etched  patterns, 
particularly  the  harsh  etch  required  for  gold.  The  substrate  material 
proved  to  be  very  sensitive  to  mechanical  strains,  particularly  local  ones. 
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The  process  of  electroplating  copper  into  the  small  holes  caused  many  of  the 
substrates  to  crack  and  spall  at  these  locations.  A  few  metallized  substrates, 
1.  5  inches  in  diameter  and  0.  15  inches  thick,  were  processed,  and  the  first 
pattern  and  pickoff  topologies  were  etched  in  them.  Their  surfaces  were 
not  flatter  than  0.0005  inches  TIR  across  the  1.  5  inches,  and  were  not  stable. 
However,  two  were  installed  in  the  test  fixture  and  performance  measure¬ 
ments  were  made.  The  data  contained  enough  information  to  point  out  a 
problem  in  the  Gertsch  resolver  turntable.  This  material  system,  however, 
was  rejected,  particularly  for  the  purpose  of  making  standard  patterns. 

A  second  system  of  materials  that  was  considered,  again  because  of  its 
potential  end-item  cost,  uses  a  plastic  material  as  a  substrate,  with  molded- 
in  electrical  feedthroughs,  and  a  vacuum-deposited  metal  as  the  pattern 
electrode.  The  substrate  surfaces  of  a  number  of  the  filled  epoxy  materials 
could  be  finished  to  a  high  quality.  However,  none  of  the  materials  that 
were  evaluated  exhibited  sufficient  stability  to  allow  its  use  as  a  standard  of 
measurements.  All  of  them  changed  by  tenths  of  thousandths  of  an  inch  over 
the  period  of  a  week. 

4.  3  QUARTZ  SUBSTRATES  FOR  STANDARD  PATTERNS 

Fused  quartz  was  finally  chosen  as  the  substrate  material  for  standard 
pattern  work.  It  is  difficult  to  fabricate,  requiring  the  skills  of  the  optics 
industry,  but  it  provides  an  excellent  defect-free  substrate  surface  upon 
which  to  vacuum  deposit  a  thin  metal  layer,  and  can  be  heated  to  the  temper¬ 
atures  that  are  required  to  obtain  good  adherence  of  the  metal  without  fear 
of  damaging  the  substrate.  The  material  is  stable  and  can  withstand  the 
stresses  of  a  combination  of  metallizing  processes  and  subsequent  mechanical 
attachment  of  electrical  connections  with  no  loss  of  this  important  quality. 

Its  principal  dra  wbacks  are  its  cost  (as  a  material)  and  the  difficulties  in 
fabricating  shapes  with  it. 

The  standard  pattern  substrates  are  processed  as  blank  discs,  1.  5  inches  in 
diameter,  and  0.  15  inches  thick,  with  a  lapped  and  polished  surface  flat  to 
within  50  millionths  of  an  inch.  Feedthrough  holes,  0.  020  inches  in  diameter 
are  drilled  through  the  discs;  three  in  the  pattern  disc  and  four  in  the  pickoff 
disc,  prior  to  the  final  surface  finishing  processes.  The  holes  are  metal¬ 
lized  with  palladium,  then  gold  plated,  and  are  subsequently  filled  with  a  low- 
temperature  solder  which  is  brought  flush  to  the  surface  of  the  substrate. 

4.4  VACUUM  DEPOSITED  ALUMINUM  STANDARD  PATTERN 

A  thin  aluminum  film  is  vacuum-deposited  on  the  surface  of  the  quartz  sub¬ 
strate,  and  this  aluminum  is  processed  subsequently  as  if  it  were  the 
metallizing  layer  on  a  semiconductor  wafer.  It  is  coated  with  a  photoresist, 
then  the  pattern  (or  pickoff)  lines  are  exposed  through  a  mask,  in  an  apparatus 
used  to  align  semiconductor  masks.  The  resist  is  developed  and  the  exposed 
metal  is  etched,  leaving  a  set  of  0.  7  to  1.0-mil  lines  separating  the 
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aluminum  pattern  or  pickoff  elements.  The  process  is  clean  and  straight¬ 
forward  and  provides  a  metal  pattern  of  high  resolution  and  durability. 

Those  standard  patterns  made  early  in  the  program  are  still  serviceable, 
although  they  have  been  handled  repeatedly  for  nearly  a  year. 

4.  5  1.  5-INCH  DIAMETER  STANDARD  PATTERN  SET 

The  1.  5-inch  diameter  standard  pattern  and  pickoff  substrates  for  the  capaci¬ 
tive  resolver  were  fabricated  with  the  process  outlined  in  the  preceding 
paragraphs.  The  substrate  is  fused  quartz  and  the  capacitive  electrode 
patterns  are  etched  in  a  6000  A  vacuum-deposited  aluminum  thin  film. 
Referring  to  paragraph  3.6,  the  pattern  scaling  parameters  are: 

€  =  0.  18  and  R  =  0.  5147  inches 

so  that  the  outside  and  inside  pattern  diameters  are  1.  400  and  0.658  inches, 
respectively.  A  continuous  band  of  metal  is  left  around  the  outer  edge  of 
the  pattern.  This  serves  as  a  useful  electrode  for  either  a  ground  reference 
potential  or  for  aligning  the  eccentricities  during  tests  of  the  standard 
pattern.  A  metallizing  contact  is  plated  over  the  edge  of  the  substrate  to 
attach  this  outer  band  to  suitable  lead  wire  that  is  soldered  to  the  metallizing 
on  the  back  of  the  substrate.  A  patch  of  metallization  that  provides  a  con¬ 
venient  pattern  center  was  left  in  the  center  of  the  substrate.  Intersecting 
lines  that  identify  pattern  center  were  put  into  the  mask,  and  are  etched  in 
this  metal  when  the  pattern  is  etched.  These  lines  provide  a  target  for 
optical  centering  of  the  pattern  in  the  test  fixture  during  initial  setup.  This 
standard  pattern  set  is  shown  in  figure  7,  installed  in  the  test  fixture  adapter 
rings. 

4.  6  0.  9-INCH  DIAMETER  STANDARD  PATTERN  SET 

The  0.  9-inch  diameter  standard  pattern  set  is  also  fabricated  on  a  1.  5-inch 
diameter  quartz  disc  and  the  processing  steps,  with  one  exception,  are 
identical.  Specifically,  the  metal  band  that  is  outside  of  the  pattern  is  much 
wider  now  because  the  outer  pattern  diameter  is  only  0.  85  inches,  referring 
again  to  the  scaling  of  paragraph  3.  6.  In  the  0.  9-inch  diameter  standard 
pattern  set,  the  outer  metal  electrode  is  connected  to  metallization  on  the 
back  of  the  substrate  through  a  metallized  hole,  as  are  the  pattern  and  pickoff 
elements,  so  that  no  metallizing  extends  around  the  edge  of  the  substrate. 
Other  than  for  that  detail,  the  two  sets  are  processed  identically,  and  differ 
only  in  the  pattern  scaling.  The  0.  9-inch  diameter  standard  pattern  and 
pickoff  set  is  shown  in  figure  7. 


19 


Figure  7.  1. 5-Inch  and  0.  9-Inch  Diameter  Standard  Patterns  and  Pickoffs 
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SECTION  V 

TEST  FIXTURE  DESIGN  AND  FABRICATION 

5.  1  GENERAL 

This  section  discusses  the  mechanical  test  fixture  that  was  developed  to 
evaluate  the  various  resolver  pattern  and  pickoff  elements.  A  Gertsch 
precision  turntable  was  specially  modified  for  this  purpose. 

5.  2  GERTSCH  RESOLVER  TURNTABLE 

The  mechanical  test  fixture  was  built  up  around  a  small  Gertsch  precision 
resolver  turntable.  This  turntable  is  shown  (with  the  test  fixture  in  place) 
in  figure  8.  and  the  rotational  elements  are  shown  schematically  in 
figure  9.  A  shaft  is  supported  in  bearing  plates  which  comprise  the  upper 
and  lower  covers  of  the  turntable  housing.  A  large  notched  disc  is 
fixed  to  the  shaft,  and  a  pin  detent  is  spring-loaded  into  these  V-shaped 
notches  (72  of  them)  which  allows  the  shaft  to  be  rotated  in  precise  5-degree 
increments.  The  shaft  is  hollow,  and  a  tapered  collet  is  fitted  into  its  upper 
end,  while  a  draw  bar  mechanism  to  tighten  the  collet  is  below.  The  collets 
vary  in  size  up  to  5/ 16-inch  diameter,  covering  the  range  of  resolver  shaft 
sizes,  and  are  identical  to  those  used  in  small  instrument -making  machine 
tools.  A  second  set  of  bearings,  on  the  outside  of  the  upper  end  of  the  shaft, 
support  a  platform  which  rotates  to  a  limited  degree  around  the  shaft. 

A  dial  indicator  is  mounted  to  the  upper  cover  adjacent  to  the  screw.  This 
measures  the  small  displacements  imparted  to  the  platform  by  the  screw  and 
converts  them  to  angular  measure.  The  collet  appears  in  the  center  of  the 
platform,  and  has  full  rotational  freedom  (in  5-degree  increments)  relative 
to  both  platform  and  housing.  The  platform,  supported  by  the  shaft,  is  con¬ 
strained  to  small  rotations  relative  to  the  housing  (continuously  variable  up 
to  plus  or  minus  3  degrees).  The  shaft  is  positioned,  in  5-degree  increments, 
to  within  5  arc  seconds  true  position,  and  the  indicator  (a  modified  0.0001- 
inch  instrument)  is  scaled  to  6  arc  seconds  least  count. 
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Figure  8.  Gertsch  Turntable  and  Test  Fixture  Prior  to  Modification 


Substrate 


5.  3  TEST  FIXTURE 

The  test  fixture  was  designed  to  adapt  elements  of  the  capacitive  resolver 
to  the  Gertsch  turntable  so  that  precise  rotations  could  be  set  up  between 
the  pattern  and  pickoff  plates.  The  design  allows  adjustments  to  reduce 
initial  misalignments  of  the  axes  of  rotation  for  the  pattern  and  pickoff, 
while  these  same  adjustments  allow  the  insertion  of  known  misalignments 
during  the  course  of  the  testing.  Referring  again  to  figure  9,  the  test  fixture 
is  seen  to  be  made  up  of  two  similar  mechanical  structures,  one  attached  to 
the  shaft  of  the  turntable,  and  one  supported  from  the  platform  of  the  turn¬ 
table.  In  each  case  the  resolver  substrate  was  mounted  in  an  adapter  ring. 
The  ring  fits  loosely  in  a  cup,  being  positioned  radially  by  four  equally 
spaced  adjustment  screws  which  provide  a  centering  feature.  The  bottom  of 
the  cup  was  thinned  to  increase  its  compliance,  and  is  attached  to  its  base 
through  a  thin  stem,  the  whole  thing  resembling  a  champagne  glass  in  shape. 
Four  jack  screws  extend  from  the  base  and  bear  against  the  stiff  cylindrical 
walls  of  the  cup.  These  screws  provide  a  leveling  mechanism  to  the  cup  and, 
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of  course,  to  the  surface  of  the  device  mounted  therein.  The  first  version 
of  the  test  fixture  design  included  compound-eccentric  adapter  rings  that 
would  align  the  center  of  the  pattern  with  the  center  of  rotation  of  the  shaft. 
However,  this  adjustment  feature  was  found  to  be  troublesome  to  use,  due 
to  the  coupling  between  the  tilt  and  centering  mechanisms.  Tilt  was  elimi¬ 
nated  by  leveling  the  substrate  surface  to  a  plane  normal  to  the  axis  of 
rotation  of  the  shaft.  However,  the  mechanism  imparts  a  displacement  to 
the  pattern  in  this  normal  plane,  which  is  then  reduced  by  rotation  of  the 
eccentric  pair  which,  unless  the  pattern  surface  and  similar  mating  surfaces 
in  the  eccentric  pair  are  perfectly  parallel,  imparts  more  tilt  to  the  surface, 
and  so  on.  The  rotation  required  in  adjusting  the  eccentrics  was  eliminated 
(by  eliminating  the  eccentrics)  and  a  simple  radial  looseness  was  substituted. 
Only  a  translation  of  the  adapter  ring  was  required  to  center  the  pattern  in  a 
prealigned  plane.  The  motions  were  uncoupled  and  initial  pattern  alignment 
became  a  routine  procedure. 

A  second  modification  to  the  initial  version  of  the  test  fixture  took  place  at 
the  same  time,  and  was  due  to  the  same  problem,  coupled  mechanical 
adjustments.  At  first,  the  capacitive  gap  between  the  pattern  and  pickoff 
surfaces  was  to  be  set  by  the  same  jack  screws  that  are  used  for  leveling. 
This  adjustment  proved  troublesome,  and  was  replaced  by  the  more  direct 
method  of  installing  spacers  between  the  test  fixture  frame  and  the  plate 
carrying  the  upper  adjusting  mechanism.  These  spacers  are  simple  washers 
which  have  been  surface  ground  in  large  sets,  and  then  selected  in  groups  of 
four,  such  that  each  washer  in  the  set  is  within  50  millionths  of  an  inch 
thickness  of  the  other  members  of  that  set.  At  the  same  time,  the  centering 
adjustment  for  the  "upper  half"  was  moved  to  the  spacer  interface.  The 
entire  assembly  was  then  displaced  (in  the  plane  of  the  spacers)  relative  to 
the  outer  frame,  to  which  it  was  pinned  initially. 

5.  4  MODIFICATION  TO  TURNTABLE 

Two  modifications  to  the  Gertsch  turntable  were  made  during  the  first 
pattern  testing  phase  of  the  program.  The  collet  mechanism  was  replaced 
with  a  standard  machine  taper,  and  the  platform  and  related  adjustment 
screw  and  dial  indicator  were  removed. 

The  collet  mechanism  was  unstable  because  the  clamping  arrangement 
included  a  transverse  pin  that  actuated  a  draw  bar  extended  up  through  the 
shaft  to  the  collet  into  which  it  was  threaded.  This  draw  bar  mechanism, 
along  with  the  funnel  mouth  shape  of  the  collet  receiver  at  the  upper  end  of 
the  shaft,  did  not  exert  enough  force  to  tighten  the  collet  adequately,  or  at 
least  tighten  it  enough  to  support  the  "lower  half''  of  the  test  fixture.  The 
collet  was  removed  and  the  funnel  was  remachined  to  a  Morse  No.  2  machine 
taper.  The  test  fixture  was  reworked  to  provide  a  male  taper  at  its  base, 
instead  of  the  original  5/ 16-inch  shaft.  This  proved  to  be  a  stable  joint 
throughout  the  test  phases  of  the  program. 
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The  second  problem  proved  to  be  more  subtle.  The  turntable  was  designed  to 
impart  accurate  rotations  to  devices  that,  for  the  most  part,  were  supported 
in  their  own  cases  and  on  their  own  bearings.  Therefore,  while  precision 
angular  displacements  can  be  expected,  radial  stability  between  the  shaft  and 
platform  cannot.  With  its  constraints  removed,  the  platform  becomes  simply 
another  bearing  supported  wheel  on  the  shaft,  which  itself  is  bearing  sup¬ 
ported.  The  result  is  a  built-in  compound  eccentricity  between  the  platform 
and  the  shaft,  unless  the  bearing  installations  (four  of  them)  cancel  all 
eccentricities  both  in  the  machining  of  bearing  journals  and  in  the  bearings 
themselves.  This  is  not  likely.  This  eccentricity  problem  was  identified 
when  the  first  test  data  were  reduced  to  Fourier  coefficients,  and  the  sense 
of  a  large  two-speed  error  term  could  not  be  accounted  for  by  considerations 
of  the  simple  error  model.  Since  the  turntable  precision  was  determined  by 
the  shaft  positioning  detent  assembly  and  not  by  the  fine  adjustment  features 
of  the  platform,  it  was  decided  to  remove  the  platform  entirely,  and  attach 
the  test  fixture  outer  frame  directly  to  the  upper  housing  cover  of  the 
Gertsch  table.  Pattern  data  were  to  be  taken  at  5-degree  intervals,  in  any 
event,  and  the  fine  zero  adjustment  feature  provided  by  the  platform  was  not 
required.  At  the  same  time,  the  Gertsch  housing  was  completely  overhauled, 
the  shaft  bearings  were  replaced  and  suitable  axial  clearances  were 
re-established  to  ensure  adequate  preload  on  this  set  of  bearings. 

The  test  fixture  in  its  final  form  is  represented  by  the  schematic  of  figure  9, 
and  is  shown  in  figure  10.  The  1.  5-inch  diameter  and  0.  9-inch  diameter 
standard  patterns,  and  tl  0.  9-inch  diameter  engineering  model  of  the 
capacitive  resolver  are  each  mounted  in  adapter  rings  which,  in  turn,  present 
a  common  interface  to  the  test  fixture. 
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SECTION  VI 


PATTERN  PERFORMANCE  TESTS  AND 
DATA  REDUCTION 


6.  1  SCOPE 

This  section  presents  details  of  pattern  performance  tests  and  data 
reduction.  The  electrical  measurement  system  accompanying  the  mechan¬ 
ical  test  fixture  is  outlined,  together  with  the  various  operating  modes. 

There  is  an  extensive  discussion  of  the  data  reduction  systems  and  the  com¬ 
puter  programs  used.  Note  here  the  capability  for  deliberate  introduction 
of  errors  into  the  test  fixture  and  the  study  of  their  consequent  effect  on 
device  accuracy.  The  test  results  for  1.  5-inch  and  0.  9-inch  diameter 
patterns  are  given. 

6.  2  TEST  METHOD 

The  requirements  for  a  test  method  were  defined  early  in  the  capacitive 
resolver  program.  The  test  method  must  examine  and  provide  quantitative 
statements  that  measure  the  effectiveness  of  the  experimental  work  which 
comprises  the  core  of  each  developmental  task  in  the  program.  It  should  be 
consistent  with  and  complementary  to  the  design  and  evaluation  of  pattern 
and  pickoff,  integral  electronic  processing  circuitry  and  elements  of  the  engi¬ 
neering  model.  It  should  also  evaluate  both  the  electronic  and  mechanical 
apparatus  that  is  used  throughout  the  testing  and  also  be  consistent  with 
the  design  goal  for  device  accuracy,  ten  arc  minutes  of  angle. 

The  test  method  chosen  evolves  from  two  decisions: 

a.  All  electrical  measurements  of  pattern  performance  are  at 
100  Khz.  Signal  voltage  measurements  are  peak -to -peak. 

b.  All  data  related  to  relative  pattern  and  pickoff  displacement  are 
reduced  to  Fourier  coefficients. 

These  two  constraints,  taken  with  the  common  data  format  that  they  imply, 
provide  a  maximum  amount  of  correlation  between  various  phases  of 
development  for  the  0.  9 -inch  diameter  capacitive  resolver.  The  test 
method  scheme  is  illustrated  in  figure  11. 
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Figure  11.  Schematic  and  Block  Diagram  of  Test  Method  for 
Capacitive  Resolver  Elements 
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6.  3  TEST  EQUIPMENT  AND  SETUP 


A  block  diagram  of  the  setup  used  for  all  data  collection  in  this  work  is  shown 
in  figure  12.  The  a-c  excitation  signal  for  the  resolver  pattern  is  obtained 
directly  from  a  General  Radio  1650A  impedance  comparator,  which  contains 
a  100  Khz  oscillator  and  delivers  this  signal  to  the  outside  through  a  trans¬ 
former  whose  low-impedance  secondary  winding  is  very  well  balanced  on 
either  side  of  the  grounded  midpoint.  The  open -circuit  voltages  available 
here  are  balanced  in  amplitude  to  within  1  part  in  10^. 

It  is  desired  to  be  able  to  test  the  resolver  system  under  two  operating 
conditions: 


a.  Measure  the  voltages  on  each  of  the  four  pickoff  plates  separately, 
and  process  them  with  the  desired  programs. 

b.  Electrically  sum  the  signals  from  opposite  quadrants  and  process 
the  result. 

For  a,  the  voltage  is  picked  off  from  the  desired  plate  and  applied  to  the 
buffer  amplifier  described  below.  For  case  b,  a  signal  processing  ampli¬ 
fier,  identical  in  electrical  design  to  that  discussed  in  section  VII,  is 
available.  It  differs  from  the  hybrid  circuit  of  section  VII  only  in  that  it  is 
built  up  of  conventionally  wired  discrete  components.  Its  output  is  also 
applied  to  the  buffer  amplifier  when  it  jjused.  The  final  engineering  model  of 
the  capacitive  resolver  is,  of  course,  checked  with  its  integral  electronics 
package  for  signal  processing  instead  of  this  outboard  electronics  package. 

To  make  rapid,  precise  measurements  of  the  signal  voltages,  an  oscilloscope 
is  used  as  a  high -resolution  null  indicator,  and  amplitudes  are  determined 
as  d-c  voltages  read  from  a  precision  digital  voltmeter.  The  oscilloscope 
(any  in  the  Tektronix  53-  or  54-  series)  is  provided  with  the  type  1A1  plug¬ 
in  vertical  amplifier  unit,  which  has  the  capability  of  accurately  displaying 
signals  from  d-c  through  the  megahertz  region  with  a  sensitivity  of  5  mil¬ 
livolts  per  centimeter  deflection  under  the  condition  that  the  peak -to -peak 
amplitude  of  the  signal  may  be  many  times  the  total  displayed  amplitude. 

This  excellent  overload  capability  means  that  the  oscilloscope  may  be  used 
as  a  "slideback"  voltmeter  in  which  a  known  d-c  voltage  is  added  to  the  a-c 
signal  under  study  to  "slide -it -back"  to  a  known  reference  point. 

For  example:  a  one  volt  peak -to -peak  sinusoid  is  applied  to  the  oscilloscope, 
with  the  trace  previously  centered  on  the  vertical  axis  with  vertical  sensitiv¬ 
ity  at  5  millivolts  per  division.  Both  peak  amplitudes  are  well  off  the  screen. 
Adding  a  plus  500 -millivolt  d-c  signal  will  bring  the  negative  peaks  to  the 
center  of  the  screen  and,  similarly,  a  minus  500 -millivolt  d-c  signal  will 
display  the  positive  peaks  of  the  applied  signal.  The  peak -to -peak  signal 
voltage  is  thus  the  difference  of  two  digital  voltmeter  readings.  This  sys¬ 
tem  is  easily  capable  of  reading  to  the  nearest  millivolt,  and  thus  is  capable 
of  0.  1  percent  resolution  with  typical  signals  of  about  1  volt,  peak -to -peak. 
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Figure  12.  Electrical  Test  Setup  for  Capacitive 
Resolver  Measurements 
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A  d-c  supply  of  a  few  volts  is  used  here  and  a  Helipot  with  a  switched 
resistive  voltage  divider  enables  precise  setting  of  the  reference  voltage. 

An  operational  summing  amplifier  is  used  as  a  buffer  so  that  the  pickoff 
plate  signals  and  the  d-c  source  do  not  load  each  other  and  interact. 

6.  4  MEASUREMENTS  OF  DEVICE  PERFORMANCE  AND  DATA 

Performance  of  the  capacitive  resolver  is  derived  from  a  single  point  of 
measurement;  the  output  signal  of  a  pickoff  quadrant.  This  output  signal  is 
measured  for  various  combinations  of  pattern  and  pickoff  topology  and  for 
different  conditions  of  setup  and  alignment.  Data  are  taken  in  the  same 
sequence  and  in  the  same  format  for  each  combination. 

6.  4.  1  Modes  of  Operation 

Output  signal  measurements  are  taken  for  two  modes  of  pattern  excitation. 

In  the  first  of  these,  A  mode,  the  elements  of  the  pattern  are  excited  from 
the  same  voltage  and,  in  theory,  the  pattern  disappears  and  only  an  annulus 
(or  washer)  remains.  In  the  second,  B  mode,  the  outer  and  inner  elements 
of  the  pattern  are  excited  from  one  end  of  a  balanced  supply  voltage  and  the 
central  pattern  element  is  excited  from  the  other.  A  complete  set  of  data  is 
taken  for  each  mode  of  excitation  so  that  error  producing  anomalies  in  the 
mechanical  apparatus  can  be  separated  from  errors  produced  by  the  pattern. 

6.  4.  2  Data  Format 

Output  voltage  measurements  are  taken  at  5-degree  intervals  of  angular  dis¬ 
placement  between  the  pattern  (rotating)  and  the  pickoff  (fixed).  The  voltage 
is  then  measured  at  73  points.  The  end  point  is  the  starting  point  and  a  com¬ 
parison  of  these  two  voltages  provides  an  indication  of  drift  in  the  instru¬ 
mentation.  Agreement  is  typically  within  one  millivolt.  This  set  of  voltages 
is  measured  for  each  of  the  four  pickoff  quadrants,  for  each  mode  of  excita¬ 
tion.  It  is  read  from  a  digital  voltmeter  and  is  entered  on  Litton  Form  26-07 
(Rll-66),  a  FORTRAN  coding  form  that  is  arranged  in  punched  card  imagery 
(see  figure  13).  Cards  are  punched  directly  from  this  format  (see  figure  14). 
Eight  sets  of  cards  contain  the  data  for  each  setup,  one  set  for  each  pickoff 
quadrant,  in  both  the  A  and  B  modes. 

6.  5  DATA  REDUCTION 

The  data  are  processed  by  digital  computer  routines.  First,  they  are 
reduced  to  a  set  of  Fourier  coefficients  where  they  are  screened  for  instru¬ 
mentation/operator  error.  These  coefficients  are  processed  in  a  routine 
which  subtracts  the  signals  from  opposite  plates.  Then  the  average  angular 
bias  is  determined,  and  the  coefficients  are  rotated  through  that  bias  angle. 
Finally,  the  desired  signal,  either  sine  or  cosine,  is  separated  and  the 
remainder,  which  is  designated  error,  is  searched  for  a  maximum.  Two 
computer  programs  were  written  to  accomplish  this  data  reduction,  one  to 
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Figure  13.  Specimen  of  Format  for  Test  Data  Entry 


reduce  the  raw  data  to  Fourier  coefficients  and  screen  them,  and  one  to 
sum  opposite  plates,  rotate  through  the  bias  angle,  separate  the  desired 
function,  and  evaluate  the  remaining  error.  The  data  reduction  scheme  is 
shown  in  block  form  in  figure  15. 

6.  5.  1  Fourier  Analysis  of  Data:  Program  DFFOUR 

The  computer  program  for  calculating  the  coefficients  of  a  Fourier  series 
that  approximates  the  output  function  of  the  capacitive  resolver  is  called 
DFFOUR,  and  is  stored  in  the  IBM  RACS  System  360  user  file  at  the  Litton 
Woodland  Hills,  California  facility.  The  program  was  written  specifically 
to  process  raw  test  data,  in  the  format  described  above.  The  reduction  to 
Fourier  coefficients  follows  the  method  of  harmonic  analysis  outlined  by 
Sohon  (1),  and  a  set  of  data  is  processed  through  the  following  steps. 


'Sohon,  Harry,  Engineering  Mathematics,  D.  Van  Nostrand  Co.  ,  1955 
Pages  135,  145.  A  discussion  of  numerical  methods  for  Fourier  analysis. 
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ERROR  ANALYSIS 
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Figure  15.  Block  Diagram  of  Data  Reduction  Scheme  for  Capacitive 

Resolver  Elements 


a.  Fourier  coefficients  are  calculated  from  the  raw  data.  The 
number  of  coefficients  calculated  is  controlled  in  an  input  to 
the  program,  the  interger  M,  which  specifies  the  number  of 
pairs. 

b.  A  function  is  regenerated  from  the  (M)  pairs  of  coefficients, 
and  the  data  are  compared  to  the  function  at  each  data  point. 

A  standard  deviation,  <r  ,  is  calculated  from  this  set  of  differ¬ 
ences,  and  the  data  are  examined  to  find  points  that  differ 
from  the  function  by  more  than  3<r, 

c.  Those  data  points  which  fall  outside  the  3<r  screen  are  replaced 
by  the  value  of  the  regenerated  function  at  that  point,  one  by 
one,  the  largest  first,  and  the  resulting  data  set  (with  one 
point  exchanged)  is  returned  to  the  routine  which  calculates 
Fourier  coefficients.  This  screening  continues  until  all  73 
points  are  inside  the  3<rband.  Each  time  a  substitution  is 
made,  an  error  indicator,  designated  IER,  is  incremented, 
and  the  final  printout  of  coefficients  includes  this  IER  value, 

as  well  as  the  final  standard  deviation  (<r),  designated  ENORM, 
and  the  maximum  difference  of  any  point  from  the  mean, 
designated  ANORM. 
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A  specimen  of  the  printout  of  DFFOUR  is  shown  in  figure  16.  The 
alphanumeric  group  designates  the  elements  being  tested,  the  test  mode, 
the  capacitive  gap,  and  the  date  the  data  were  taken.  The  error  indicator 
starts  at  5,  so  that  IER  =  6  indicates  that  one  piece  of  data  had  been 
replaced.  The  maximum  value  of  the  index  K  indicates  the  number  of  pairs 
ol  coefficients  requested  in  the  input  control  statement. 


ANORM-  7.760E-04,  ENORM-  3.015E-04,  IER-  6 


RUN  NUMBER-1B322  073068 


K  A(K)  BOO 
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0.0047115 
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Figure  16.  Specimen  of  Program  DFFOUR  Output  Format 
Control  Statements:  M  =  5,  IER  =  5 


A  second  option  of  program  output  can  be  implemented;  that  of  printing  the 
input  data  point  adjacent  to  its  difference  from  the  regenerated  function  at 
that  point,  suppressing  the  3<r  screen  and  any  substitution.  This  option, 
when  run  after  the  first,  identifies  those  rejected  data  points  by  inspection. 
The  option  control  character  is  IER  again,  and  this  latter  option  is  imple¬ 
mented  when  IER  is  set  to  2  in  the  program  control.  A  specimen  of  this 
output  format  is  shown  in  figure  16.  Note  that  the  coefficients  are  calculated 
from  the  raw  data  without  substitution  (for  IER  =  2),  ANORM  exceeds  3 
ENORM  as  would  be  expected,  and  the  coefficients  are  slightly  different 
than  for  the  first  option,  shown  in  figure  17.  However,  both  are  run  from 
the  same  raw  data,  one  with  screening  and  substitution,  and  one  without. 

Both  A  mode  and  B  mode  data  are  reduced  to  coefficients  with  the  DFFOUR 
routine. 
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20 

-0.0540000 

0.0001101 

55 

0.0836000 

-0.0002526 

21 

-0.0198000 

0.0001781 

56 

0.0490000 

0.0003067 

22 

0.0142000 

-0.0002304 

57 

0.0130000 

-0.0002954 

23 

0.0487000 

-0.0001673 

58 

-0,0225000 

-0 . 000449G 

24 

0.0829000 

-0.0001807 

59 

-0.0572G00 

-0.0001417 

25 

0.1174000 

0.0005817 

60 

-0.0911000 

0.00034EC 

26 

0.1497000 

-0.0001259 

61 

-0 . 1251 0CC 

-0.0001470 

27 

0.1813000 

-0.0005516 

62 

-C. 1571000 

0.0002152 

28 

0.2128000 

0.0001559 

63 

-0.1880000 

0.0002960 

29 

0.2423000 

0.0003424 

64 

-0.2176999 

-0.0000277 

30 

0.2696000 

0 . 000048  7 

65 

-0,2452000 

0.00CC413 

31 

0.2952999 

0,0001061 

66 

-0 . 2  708000 

0 . 0000167 

32 

0.3186000 

-0.0000638 

67 

-0.2943000 

-0.0000588 

33 

0.3394000 

-0.0003551 

68 

-0.3156000 

-0.0002358 

34 

0.3577999 

-0.0004772 

69 

-0.3342000 

-0.0001366 

35 

0.3741000 

0.0000398 

70 

-0 , 350  7000 

-0.0004686 

36 

0.3875000 

0 . 0C0544  2 

71 

-0,3631000 

0.0006790 

37 

0.3972999 

0.0004592 

72 

-0.3747000 

-0.0000671 

73 

-0,3825000 

0.0002354 

Figure  17.  Specimen  of  Program  DFFOUR  Output  Format 
Control  Statements:  M  =  5,  IER  =  2 
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6.  5.  2  Summation  of  Opposite  Quadrant  Signals;  Program  DFCAP4 

Four  sets  of  coefficients  are  processed  in  a  computer  routine  which  sums 
the  opposite  quadrant  signals,  two  for  the  cosine  channel  and  two  for  the 
sine  channel,  and  represents  computationally  the  same  signal  processing 
that  occurs  in  the  electronic  summing  circuitry.  This  computer  program 
is  called  DFCAP4,  ard  is  also  stored  in  the  RACS  System  360  user  file  at 
Woodland  Hills,  California.  The  program  implements  the  following  data 
processing  steps: 

a.  Fourier  coefficients  from  B  mode  data  sets  are  punched  in 
cards.  These  cards,  along  with  appropriate  input  control 
statements  that  identify  the  data  and  specify  the  number  of 
coefficients  being  entered,  initiate  DFCAP4. 

b.  The  four  coefficient  sets  are  ordered  and  examined  for  proper 
sense,  and  the  coefficients  from  opposite  plates  are  summed. 

c.  These  summed  pairs  of  coefficients  are  normalized  on  their 
principal  terms,  the  root  of  the  sum  of  the  squares  of  the  one- 
speed  sine  and  cosine  coefficients. 

d.  The  angular  bias,  or  zero  offset,  is  calculated  from  the  two 
one -speed  pairs  of  coefficients.  Note  that  the  raw  data  are 
taken  without  any  attempt  to  align  "pattern  zero,  "  so  that  the 
sine  plates  coefficients  and  the  cosine  plates  coefficients  are 
used  to  calculate  an  average  angular  bias  of  the  data  by  calcu¬ 
lating  the  respective  arctangents  of  the  ratio  of  sine  coefficient 
to  cosine  coefficient  for  each  set  of  plates. 

e.  The  coefficients  are  rotated  through  the  average  bias  angle  so 
that  the  principal  component  on  the  sine  plate  is  one -speed  sine 
with  a  minimum  of  one -speed  cosine,  and  the  principal  compo¬ 
nent  on  the  cosine  plate  is  one- speed  cosine  with  a  minimum  of 
one -speed  sine.  Physically,  this  rotation  is  analogous  to  having 
a  fine  adjustment  on  the  test  fixture  that  allows  the  pattern  zero 
to  be  aligned  with  the  turntable  zero,  in  an  average  sense,  prior 
to  making  any  measurments. 

f.  The  normalized  and  rotated  coefficients  that  now  represent  the 
output  signals  of  the  sine  and  cosine  plates  of  the  resolver  are 
expanded  into  a  set  of  "data"  points,  and  compared  to  an  exact 
sine  or  cosine  function  at  each  point.  The  point  by  point  differ¬ 
ence  is  designated  as  error  in  the  output. 

g.  The  error  function  is  analyzed  harmonically  and  reduced  to  a 
set  of  Fourier  coefficients,  which  is  printed  in  the  output  format. 
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A  specimen  output  for  DFCAP4  is  shown  in  figure  18.  The  four  sets  of 
coefficients  are  identified  in  the  alphanumeric  fields  under  RUN  NUMBER 
and  TYPE,  while  the  values  of  ANORM,  ENORM,  IER,  and  M  from  the  four 
DFFOUR  passes  are  printed  out.  The  four  sets  of  coefficients  are  printed 
out  after  ordering,  sensing,  and  normalizing.  The  angular  bias  for  each 
set  is  printed  out  below,  and  below  them  is  the  average  bias,  along  with  the 
spread  in  the  angles,  and  a  program  error  indicator,  JER,  which  signals 
troubles  in  the  earlier  sensing  and  summing  sequence,  5  being  the  accept¬ 
able  value.  The  summed  coefficients  appear  below,  for  both  the  sine  and 
cosine  plates,  and  below  them,  the  maximum  value  of  the  error  residue, 
and  its  angular  locations.  Finally,  the  coefficients  of  the  error  (residue) 
function  are  printed  out. 


-—CAPACITIVE  RESOLVER  DATA  REDUCTION-  — 


RUN  NUMBER 

TYPE 

ANORM 

ENORM 

IER 

M  CODE 

1B131  080768  QT 

0.9  STD 

7.371E-0* 

2.350E-0* 

5 

S  12311 

11231  0SQ76I  QT 

0.1  STD 

ft. 3S2E-Q* 

2.I66E-0* 

6 

5  12312 

1B331  080768  QT 

0.9  STD 

5 .  *0*E-0* 

2 . *30E-0* 

5 

5  12313 

1B*31  080768  QT 

0.9  STD 

6.763E-0* 

1.927E-0* 

5 

5  1231* 

FOURIER 

PLATE  1 

COEFFICIENTS  FROM  COMPUTER 

PLATE  2 

PROCRAM  DFFOUR---NORMALIZED 

PLATE  3 

PLATE  * 

A(K)  BOO 

A(K) 

BOO 

A  00 

BOO 

AOO  BOO 

0.01*00*  0.0 

-0.000255 

0.0 

-0.00*269 

0.0 

-0.011253  0.0 

0.987125  0.159953 

0.202706 

-0.9792*0 

-0.969815 

-0.2*31** 

-0.199B59  0.979825 

9.9DD273  -0.042797 

-4.41*470 

0.94479* 

0.007637 

4.919110 

0. 441228  -0.006321 

0.00035*  0.00060* 

-0.000397 

0.00096* 

0.0003*6 

-0.000095 

0.000566  -0.0001*9 

0.000250  0.00063* 

-0.000010 

0.000792 

0.0002*7 

0.000191 

0.00009*  -0.000265 

ANGULAR  BIAS  BETWEEN  PATTERN  ZERO  AND  TURNTABLE  ZERO 
-9,24  DECREES  -U.70  DECREES  -1A.U  DECREES  -11.53  DEGREES 


-OPPOSITE  PLATE  SUMMATION  WITHOUT  TILT  CORRECTION  — - 


MEAN  BIAS  ANGLE  -  -11.6*  DECREES,  DIFFERENCE  IN  ANCLES  •  2.3*3E-02  DEGREES,  JER  -  5 


FOURIER  COEFFICIENTS  ROTATED  BY  BIAS  ANGLE 


CDS INS  PLATES 


SINE  PLATES 


K  A13(K)  81300 


A2*OC)  82*00 


0.009735 

1.991165 

>0.011*29 

0.000372 

0.000021 


0  0 

0.000117 

0.00**65 

0.000520 

0.000666 


0.011037 

0.00081S 

0.0112*2 

0.0002** 

0.000285 


0.0 

1.999997 

0.0125*1 

0.002037 

0.000509 


ERROR  RESIDUE— -ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  '  6.79  ARC  MINUTES  AT  35.00  DEGREES 

ERROR  FUNCTION  COEFFICIENTS 


K  AER(K)  BEROO  (IN  RADIANS) 


1 

2 

3 

* 

5 


-0.000010  0.0 

•0.000*90  -0.001235 

0.000222  0.000029 

0.000355  -0.0C0323 

0.000C71  -0.000603 


Figure  18.  Specimen  of  Program  DFCAP4  Output  Format 
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6.  5.  3  Tilt  Option  in  Program  DFCAP4 

During  the  program  phase  of  initial  standard  pattern  evaluation,  it  was  felt 
that  some,  and  possibly  all,  of  the  errors  introduced  into  the  test  data  by 
mechanical  setup  could  be  separated  from  errors  originating  in  the  pattern 
and  pickoff  topologies,  or  arising  from  fringing  capacities.  Each  .experi¬ 
mental  setup  had  eight  sets  of  correlated  data  associated  with  it  (one  set 
from  each  pickoff  quadrant  for  each  mode).  These  nearly  600  data  points 
should  provide  some  information  about  separable  errors.  The  first  of  the 
mechanical  error  models  to  be  analyzed  was  pattern  tilt  (which  is  discussed 
in  section  X).  The  tilt  error  model  predicted  a  particular  distribution  of 
output  error  for  each  pickoff  quadrant.  This  expected  error  is  a  function  of 
the  magnitude  and  direction  of  the  tilt  vector,  and  for  small  tilts,  a  linear 
combination  of  the  two.  A  routine  was  added  to  the  DFCAP  program  that 
compared  the  four  sets  of  coefficients  with  their  expected  values  in  a  least 
squares  sense,  and  a  best  fit  was  selected  from  a  search  of  values  of  the 
two  parameters  of  the  error  model.  When  this  best  fit  had  been  selected, 
the  error  components  that  were  predicted  by  the  model  were  separated 
from  the  coefficients,  which  were  then  summed,  rotated,  and  examined  for 
output  error  as  before. 

A  specimen  of  the  output  format  for  this  DFCAP4  tilt  option  is  shown  in 
figure  19  for  the  same  input  data  used  for  figure  18.  The  results  of  the  tilt 
error  separation  option  were  inconclusive,  and  this  option  was  not  used  in 
evaluating  standard  pattern  test  data 

6.  6  DELIBERATE  INTRODUCTION  OF  MECHANICAL  LRRORS  IN 
PATTERN  TESTS 

The  test  .  Ixture  that  adapts  the  pattern  and  pickoff  elements  to  a  precision 
turntable  features  adjustments  which  reduce  the  two  principal  error  producing 
mechanical  misalignments,  tilt  and  eccentricity,  to  an  acceptable  level. 

These  two  adjustments  are  used  to  introduce  measured  amounts  of  tilt  and 
eccentricity  into  the  testing,  either  singly  or  in  combination,  when  the 
effects  of  these  misalignments  are  being  evaluated. 

a.  Two  types  of  tilt  are  introduced. 

(1)  Pattern  tilt:  This  tilts  the  surface  of  the  pattern  away  from 
plane  normal  to  the  axis  of  rotation  of  the  pattern,  in  a 
specified  direction  from  pattern  zero. 

(2)  Pickoff  tilt:  This  tilts  the  surface  of  the  pickoff  away  from 
the  plane  normal  to  the  axis  of  rotation  of  the  pattern,  in  a 
specified  direction  from  the  center  of  the  cosine  plates. 
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— capacitive  resolvfr  data  reduction--- 


RUN  NUMBER 

TYPE 

Af  ORN 

EfJCRM 

1  f  R 

M  CODE 

IB  1  31  080  768 

QT 

0.9  STD 

7.371E-C6 

7. 550E-06 

5 

5  12311 

1B231  080768 

QJ 

0.9  STD 

8. 352C-C6 

7.£C6r-C6 

6 

5  12312 

18331  080748 

QT 

0.0  STD 

5 . 606E-06 

2 . 6  3Cf -06 

5 

5  12313 

1B651  080768 

QT 

0.9  STD 

6. 7C3E-06 

1.927E-06 

5 

5  12316 

FOUR  1 LR 

COTFF  IflENTS 

FROM  COMPUTER 

PROGRAI  Df FOUR---NORMA l IZE0 

PLATE  1 

PLATE  2 

PLAT*  3 

pirn  6^ 

K 

A  (  K )  6UO 

AOO 

BU) 

AOO 

flU) 

AOO  BOO 

1 

-0 . 01 6006  0.0 

-C. 000255 

0.0 

-C.CC62C9 

c.o 

-0.011293  0.0 

2 

0.987125  0.159953 

0. 202706 

-0.979260 

-C. 969815 

-0.263866 

-0.199859  0.979625 

3 

0.000273  -0.002707 

-0. 016070 

0.000796 

O.C07637 

o.eieno 

C. 001228  -0.006321 

b 

0.000356  0.000606 

-0.000397 

0. 000966 

0.000366 

-0.000055 

0.000566  -0.000869 

5 

-0.000250  O.OOOC36 

-Q.CC0080 

O.COC292 

G.C0C267 

0.000191 

0.000096  -0.000265 

ANGULAR  BIAS  BETWEEN  PATTERN  ZERO  AND  TURNTABLE  ZERO 


-9.20  DECREES 


-11.70  DECREES  -16.11  DEGREES 


-11.53  DfGRrfS 


MEAN  BIAS  AHGLE  -  - 1 1 .  C  4  OEGRrES,  SICKAUIAS  ANGIE)  •  1  .  7  3  7E  00  DECREES 


- - -PATTERN  AMD  PICKUFf  TILT  CORRT C T I Q| S--- 
RCLATIVE  TUT  *  -0.005101*  WITH  TILT  AXIS  AT  30.00  DECREES  FROM  PATTERN  *.ERO 
MINIMUM  OF  SUN-OIFFERENCF-SOLAPES  FUNCTION  •  7  .  1  2  5 1  -  0  4 


FOURIER  COEFFICIENTS  CORRECTED  FOR  TILT 


PLATE  1  PLATE  2  PLATE  3  PLATE  6 


K 

AOO 

BOO 

AOO 

BOO 

AOO 

BOO 

AOO 

B  (X ) 

1 

-0. 011650 

0.0 

0.002299 

0.0 

-0.001715 

0.0 

-0.008738 

0.0 

2 

0.987135 

0.159893 

0.202666 

-0.979253 

-G. 969830 

-0.263782 

-0.199798 

0.979838 

3 

0.002160 

-0.002922 

-0.015937 

0.001010 

0.C09505 

0.009896 

-0.000660 

-0.006105 

6 

0.000360 

0.000603 

-0.000395 

0. Q6U95C 

0. OOC36C 

-C.COOC36 

0.000565 

-0.000835 

5 

-0.000250 

0.000636 

-0. 000080 

0. OC0292 

0.000267 

C. 000191 

0.000096 

-0.000265 

---OPPOSITE  PLATE  PAIR  SUMMATION - 

ANGULAR  BIAS  BETWEEN  PATTERN  ZERO  AND  TURNTABLE  ZERO 
MEAN  BIAS  ANCLE  -  -11.03  DECREES,  DIFFERENCE  IN  ANCLES  •  2.563C-C2  DFGREFS,  JFR  -  5 


FOURIER  COEFFICIENTS  R0TATET  BY  BIAS  ANCLE 


COSINE  PLATES 
K  Al 3 ( K )  81300 


SINIE  PLATES 
A76(K)  B2  6 ( K) 


1 

2 

3 

6 

5 


-0.009735 
1.998161* 
-0. 01 1821 
0.00051*8 
-0.000021 


0.0 

0. 000117 
-0.008E66 
0.000536 
0.000666 


-0.011037 
0 . 0  00  8 1 f 
0.011263 
-0.000236 
-C.00C286 


0.0 

1.999991 

-0.012579 

-0.002013 

-C.OCC509 


ERROR  RESIOUE---ERKOR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  •  6.77  ARC  MINUTES  AT  55.00  DEGREES 


ERROR  FUNCTION  COEFFICIENTS 


K 


AER(K)  BEROO  (IN  RADIANS) 


1 

7 

3 

6 

5 


-O.OCOCIC  0.0 

-0 . 000689  -0.001235 

0.000222  0.000029 

0,000355  -0.000573 

C.0CCC78  -0. 000391 


Figure  19.  Specimen  of  Program  DFCAP4  Output  Format 
with  Execution  of  Tilt  Option 


# 
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b.  Two  types  of  eccentricity  are  introduced. 

(1)  Pattern  eccentricity:  This  displaces  the  pattern  center  away 
from  the  center  of  rotation  of  the  pattern,  in  a  specified 
direction  from  pattern  zero. 

(2j  Pickoff  eccentricity:  This  displaces  the  center  of  the  pickoff 
(quadrants)  away  from  the  center  of  rotation  of  the  pattern, 
in  a  specified  direction  from  the  center  of  the  cosine  plates. 

Another  class  of  error  producing  mechanism  has  been  included  in  the  testing 
pattern  and  pickoff  anomalies.  These  anomalies  arise  from  defects  in  the 
metallization,  or  from  holes  or  other  local  defects  in  the  substrates  that 
will  introduce  anomalies  in  the  electric  field  distribution  between  the  pattern 
and  pickoff. 

In  each  case,  the  data  are  identified  in  the  column  tabled  "TYPE"  in  the 
output  formats  of  DFFOUR  and  DFCAP4. 

6.  7  SUMMARY  OF  TEST  RESULTS 

Two  sets  of  standard  patterns  were  evaluated,  a  1.  5-inch  diameter  pattern 
and  pickoff,  and  a  0.  9 -inch  diameter  pattern  and  pickoff,  both  fabricated 
on  1.  5 -inch  diameter  by  0.  15-inch  thick  fused  quartz  substrates.  A  third 
set  of  0.  9  -inch  diameter  units  with  0.  020 -inch  diameter  holes  that  were 
metallized  to  connect  the  pattern/ pickoff  metallization  to  the  back  of  the 
substrates  was  also  evaluated. 

6.  7.  1  1.  5 -Inch  Diameter  Standard  Pattern 

Five  sets  of  test  data  were  taken  on  the  1.  5 -inch  diameter  standard  pattern 
and  pickoff,  three  without  tilt,  and  two  with  deliberate  tilts  introduced.  The 
results  are  summarized  in  table  I.  On  the  basis  of  these  test  data,  it  was 
decided  to  make  a  direct  scaling  reduction  to  the  0.  9 -inch  diameter  standard, 
without  changing  the  shape  of  the  pattern. 

6.  7.  2  0.  9 -Inch  Diameter  Standard  Pattern 

Thirteen  sets  of  test  data  were  taken  on  the  0.  9 -inch  diameter  standard 
pattern  and  pickoff,  eight  with  deliberate  misalignments,  and  five  without. 

The  test  results  are  summarized  in  table  IL 

6.  7.  3  0.  9 -Inch  Patterns  with  Holes 

Five  sets  of  test  data  were  taken  on  a  pair  of  0.  9 -inch  pattern  and  pickoff 
substrates  which  used  0.  020 -inch  diameter  metallized  holes  to  connect  the 
pattern  and  pickoff  elements  to  the  opposite  side  of  their  respective  sub¬ 
strates.  In  the  previous  standard  pattern  testing,  these  holes  had  been 
filled  with  a  metal  plug  brought  flush  to  the  surface  of  the  pattern/ pickoff 
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TABLE  I.  SUMMARY  OF  TEST  RESULTS  FOR  1.  5-INCH 
DIAMETER  STANDARD  PATTERN 


Date 

Gap  (Mils) 

Max  Error 
(Arc  Minutes) 

Mechanical 

Misalignments 

6/27/68 

2.  8 

35.  1 

None 

7/3/68 

1.  9 

8.  8 

None 

7/8/68 

3.  6 

9.  0 

None 

7/16/68 

3.  6 

10.  7 

Pickoff  (fixed)  tilted 

7/17/68 

4.  0 

25.  8 

Pattern  (rotates)  tilted 

metallization.  In  this  set  of  teats,  however,  the  holes  were  left  unfilled  to 
determine  whether  these  "local  defects"  in  the  metallized  surfaces  would 
introduce  measurable  errors.  The/  did  not  and  the  results  are  summarized 
in  table  1IL 

The  final  three  sets  of  data  in  this  group  were  taken  with  the  breadboard  of 
the  finalized  electronic  processing  circuitry  attached  to  the  test  fixture.  The 
output  signals  of  opposite  pickoff  quadrants  are  being  summed  electronically 
for  the  first  time,  and  the  resulting  "channel"  output  is  processed  through 
DFFOUR  and  DFCAP4  by  entering  the  data  in  duplicate.  The  results  are 
comparable  to  those  obtained  by  looking  at  each  plate  separately,  then 
synthesizing  the  summation  with  the  computer  routine. 

6.  7.  4  Pattern  Specification  for  Engineering  Model 

Examination  of  the  last  three  sets  of  test  data  from  the  0.  9 -inch  "standard 
pattern  with  holes"  shows  that  the  pattern/ pickoff  topology  couples  accurately 
enough  to  allow  its  use  without  modification  for  the  fabrication  of  the  engi¬ 
neering  model  of  the  0.  9 -inch  diameter  capacitive  resolver.  The  test  results 
indicate  also  that  the  device  can  be  gapped  between  1.  5  and  3.  5  thousandths 
of  an  inch  and  its  expected  performance,  with  the  hybrid  microelectronic 
signal  processing  electronics,  should  meet  the  design  goal  of  10  arc  minutes 
accuracy. 
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TABLE  II.  SUMMARY  OF  TEST  RESULTS  FOR  0.9-INCH 
DIAMETER  STANDARD  PATTERN 


Date 

Gap 

(Mils) 

Max  Error 
(Arc  Minutes) 

Mechanical 

Misalignments 

,  7/24/68 

4.2 

24.6 

None 

7/26/68 

2.7 

9.0 

None 

7/30/68 

2.2 

5.  3 

None 

8/1/68 

1.6 

9.  3 

None 

8/5/68 

3.  3 

8.8 

None 

8/7/68 

3.  1 

6.8 

Pickoff  (fixed)  tilt 

8/9/68 

3.  3 

j  15.2 

Pattern  (rotates)  tilt 

8/15/68 

3.  1 

42.5 

Pickoff  (fixed)  eccentric 

6  mils 

8/16/68 

3.  1 

105.5 

Pickoff  (fixed)  eccentric 

10  mils 

8/21/68 

3.  3 

11.0 

Pattern  (rotates) 
eccentric  6  mils 

8/22/68 

3 

11.3 

Pattern  (rotates) 
eccentric  10  mils 

8/28/68 

3.  3 

26.  7 

Pickoff  (fixed)  eccentric 

6  mils  toward  sine  plates 

8/30/68 

2.8 

20.  5 

Pickoff  (fixed)  eccentric 

6  mils  toward  cosine 
plates 
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TABLE  III.  SUMMARY  OF  TEST  RESULTS  FOR  0.9-INCH 
DIAMETER  PATTERN  WITH  0  .  020-INCH  HOLES 


Date 

Gap  (Mils) 

Max  Error 
(Arc  Minutes) 

Mechanical 

Mislignment 

.  Remarks  ; 

9/17/68 

2.9 

6.6 

None 

Pickoff  measured 
separately 

9/24/68 

1.8 

9.  1 

None 

Pickoff  measured 
separately 

9/27/68 

1.8 

7.9 

None 

Pickoff  summed 
electronically 

10/10/68 

3.0 

6.0 

None 

Pickoff  summed 
electronically 

1/30/69 

2.  3 

6.4 

None 

Pickoff  summed 
electronically 
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SECTION  VII 


A 
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ELECTRONICS  REQUIREMENTS  AND  DESIGN 


7.  1  SCOPE 

In  this  section,  the  possible  signal  processing  options  are  evaluated  and 
the  choice  of  an  operational  amplifier  approach  is  discussed.  The  detailed 
design  is  worked  out,  and  some  expected  response  curves  given. 

7.  2  REQUIRED  ELECTRICAL  PERFORMANCE 

The  most  general  way  to  consider  the  requirements  for  the  electronics  por¬ 
tion  of  the  miniature  capacitive  resolver  is  to  discuss  its  three  primary 
functions:  (1)  to  match  the  input  signals  properly;  (2)  to  process  the  signals, 
and  (3)  to  deliver  the  processed  signals  to  the  outside  world. 

7.  3  CONVENTIONAL  VOLTAGE  AMPLIFIERS:  ADVANTAGES  AND 
DISADVANTAGES 

The  input  signals  are  100-Khz  sinusoids  which  are  delivered  from  a  constant 
amplitude  source  through  a  small  capacitance,  in  the  range  of  1  to  20  pf, 
representing  a  source  impedance  of  from  1.  5  megohms  to  80K  ohms, 
respectively.  From  this  large  impedance,  the  first  suggestion  is  to  use  a 
field  effect  transistor  (FET)  in  the  source  follower  configuration,  as  shown 
in  figure  20.  The  pattern  plates  are  fed  with  equal  and  opposite  voltages 
of  magnitude  ej,  and  their  respective  capacitances  to  the  pickoff  plate  are 
C}  and  C-2..  All  of  the  6tray  capacitance  to  ground  is  combined  into  C3. 

The  equivalent  circuit  i6  shown  in  figure  21.  In  thi6  configuration,  the  gate 
source  capacitance,  C„6,  is  reduced  by  the  factor  (1  -  A),  where  A,  the 
voltage  gain,  i6  very  close  to  unity,  and  thu6  CgB  can  be  disregarded.  The 
gate-drain  capacitance  i6  not  reduced  in  thi6  simple  configuration,  and 
hence  i6  lumped  with  C3.  The  bias  resistor,  R^,  is  assumed  to  be  much 
larger  than  any  of  the  capacitive  reactances,  and  can  be  disregarded. 

The  actual  voltage  available  at  the  FET  gate,  denoted  by  eg,  must  first  be 
determined  in  terms  of  the  various  circuit  capacitances  and  the  voltages 
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applied  to  the  pattern  plates.  A  straightforward  way  of  doing  thi6  is  by 
superposition,  saying  that  eQ  is  the  resultant  of  the  three  capacitors  acting 
as  a  voltage  divider  upon  e^: 


Z2 

Z3  .  Z1 

Z3 

eo  "  eiZ  tz. 

1  i 

l 

z3  iz2  + 

Z1 

Z3 

where  Zj  i6  the  reactance  of  Cj  and  the  symbol  ||  means  "in  parallel  with". 
After  some  algebra,  and  replacing  each  Z  with  1/wC 


e.  C,  +  C_  +  C, 

1  1  2  3 


If  there  were  no  C3,  there  would  be  no  loading  on  the  pickoff  plates,  and  a 
"perfect"  output  voltage  could  be  defined,  which  can  be  denoted  by  e^: 


The  introduction  of  the  6tray  capacitance,  C3,  would  cause  an  error  term, 
a  correction  to  eQ  designated  by  Ae^: 

e  =  e'  +  Ae  +/Ae  )  +  .  .  . 

00  o  \  of 

Ae  C 

o  -> 

~e7"  C  +  C 
1  12 


The  disadvantages  of  this  approach  are  immediately  apparent.  The  error 
term  is  considerable,  since  C3  can  easily  be  as  much  as  3  to  5  pf,  and  the 
sum  of  C1  and  C ^  is  only  10  pf  for  a  3-mil  gap.  Any  changes  in  C3  will 
result  in  a  first  order  change  in  eg. 

The  other  serious  disadvantage  of  the  voltage-follower  approach  is  that  the 
pickoff  plates  and  the  associated  connections  are  at  a  high  impedance  level, 
and  thu6  are  very  sensitive  to  stray  pickup.  Electrostatic  shielding  could 
reduce  thi6  pickup  considerably,  but  would  increase  C3  and  further  reduce 
the  signal  voltage.  There  would  also  be  serious  mechanical  constraints  on 
the  shielding,  since  the  least  po66ible  variation  in  C3  is  required  as  the 
resolver  elements  rotate. 


7.  4  OPERATIONAL  AMPLIFIER  APPROACH 

The  simplest  solution  for  all  of  this  is  to  use  an  operational  amplifier  as  the 
input  element.  The  generalized  inverting  operational  amplifier  configuration 
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is  shown  in  figure  22.  The  net  voltage  gain  here,  assuming  the  amplifier 
gain  A  is  very  larg^,  is  given  by: 


Z 


f 


Z 

i 


where  Z^  and  Zf  are  the  input  and  feedback  impedances,  respectively.  Their 
junction  at  the  amplifier  input  therminal  is  known  as  the  summing  point, 
and  a  property  of  this  configuration  is  that  the  summing  point  junction  has 
a  very  low  (essentially  zero)  impedance  to  ground. 

It  is  clear  that  if  Z^  is  taken  as  the  capacitance  existing  between  the  pattern 
plate  and  the  pickoff  quadrant,  the  latter  and  its  associated  wiring  will  be 
connected  directly  to  the  summing  point,  and  be  at  a  low  impedance  level. 
This  then  eliminates  the  problems  of  stray  pickup  and  shielding  mentioned 
above.  It  may  also  be  shown  that  any  stray  capacitance  between  the  sum¬ 
ming  point  and  ground  enters  into  the  gain  only  a6  a  second  order  effect,  and 
thus  the  problem  of  the  stray  capacitance  (C3)  directly  influencing  the  gain 
in  the  simple  follower  (see  figure  20)  is  also  removed. 

The  use  of  a  capacitance  as  the  input  element  in  this  operational  amplifier 
circuit  results  in  a  differentiation  of  the  input  signal.  For  sinusoidal  inputs, 
this  means  a  90-degree  phase  shift  and  an  amplitude  response  characteristic 
which  increases  directly  with  frequency  at  20  db/decade.  Such  a  response 
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emphasizes  high  frequency  noise  in  the  input  signals  and  may  also  result  in 
instabilities.  The  usual  solution  here  is  to  select  the  feedback  element  (Zf) 
so  that  it  and  the  natural  high  frequency  roll-off  of  the  amplifier  limit  the 
response  of  the  system  above  the  designed  operating  frequency. 

The  operational  amplifier  configuration  also  has  a  very  low  output  impedance 
(on  the  order  of  tens  of  ohms  or  less)  and  thus  the  last  requirement  of  the 
input  stage,  matching  the  signal  to  an  impedance  level  suitable  for  further 
processing,  is  also  fulfilled. 

The  signal  processing  desired  is  simply  the  subtraction  of  the  signal  from  one 
plate  from  the  equal  and  opposite  signal  on  a  diagonally  opposed  plate.  This, 
effectively,  would  double  the  output  voltage.  This  is  again  most  easily 
accomplished  using  the  operational  amplifier  configuration  shown  in  fig¬ 
ure  23.  The  output  signal  is  dependent  only  upon  the  ratio  of  resistors,  and 
by  their  appropriate  choice,  the  subtraction  ratio  of  unity  may  be  assured. 

No  other  active  elements  are  required  for  the  electronics,  since  the  sub¬ 
tractor  operational  amplifier  also  has  a  low  output  impedance. 


R 

1 

-Sj  o  VVV —  ■  " 


R 


2 


e 

o 


R 

o 


vw 
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Figure  23.  Generalized  Operational  Amplifier  Circuit  for  Subtraction  of 

Two  Signals 

Since  there  are  four  pickoff  plates  and  the  information  processing  consists 
of  subtracting  signals  from  opposite  pairs,  the  total  electronics  package 
must  consist  of  four  input  amplifiers  and  two  subtractors.  It  is  most  con¬ 
venient  to  split  this  requirement  into  two  identical  halves,  each  half  proc¬ 
essing  a  pair  of  plates.  Breakdown  of  the  package  in  this  way  also  simplifies 
construction. 
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The  final  design  configuration  ot  each  half  of  the  package  is  shown  in 
figure  24.  The  area  within  the  dotted  rectangle  in  the  figure  shows  the 
circuitry  actually  contained  within  the  amplifier  package. 


Note:  Two  required  for  each  resolver  package 


Figure  24.  Final  Design  Configuration  for  Resolver  Electronics  Package 
7.  5  MECHANICAL  PACKAGING  REQUIREMENTS 

Both  the  electrode  system  and  the  electronics  for  the  capacitive  resolver  must 
fit  into  a  space  shaped  like  a  thin  disc,  0.9  inches  in  diameter,  having  a 
0.  375-inch  hole  concentric  with  the  outer  diameter.  The  package  thickness 
cannot  exceed  0.  13  inches.  Both  the  pattern  and  pickoff  discs  are  0.  030 
inches  in  thickness,  therefore,  the  electronics  package  must  be  accom¬ 
modated  by  the  remaining  0.070  inches. 

A  hybrid  microcircuit  is  a  good  way  of  realizing  the  electronics  in  such  a 
severely  limited  package.  It  would  be  quite  possible  to  fabricate  the  elec¬ 
tronics  on  two  chips  in  a  fully  integrated  monolithic  circuit,  but  this  approach 
is  far  too  costly  to  use  on  a  program  at  this  level  of  effort.  The  hybrid 
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technique  gives  more  flexibility  and  economy  at  this  stage.  Design  changes 
may  easily  be  made  and  improvements  in  components  can  more  readily 
be  incorporated  by  using  the  hybrid  technique. 

7.  5.  1  Integrated  Circuit  Amplifiers 

The  first  consideration  is  the  operational  amplifiers.  All  of  the  commercially 
packaged  units,  both  in  cans  and  various  types  of  flat  packs,  are  either  too 
thick,  or  occupy  too  much  of  the  available  surface  area.  Thuc  uncased 
chips  must  be  used.  In  general,  these  are  0.  050  inches  or  less  square  and 
about  0.010  inches  thick. 

Next  to  be  considered  is  the  required  operational  amplifier  frequency  com¬ 
pensation.  To  make  an  operational  amplifier  stable  in  use,  it  is  required 
that  its  gain  fall  off  with  increasing  frequency  in  a  controlled  manner, 
usually  at  the  20  db/decade  rate.  This  is  accomplished  with  one  or 
deliberately  introduced  RC  low-pass  filters  somewhere  in  the  circuitry. 

The  capacitors  must  be  supplied  in  the  form  of  discrete  elements  external  to 
the  chip.  In  some  cases,  large  values  of  capacitance  (in  the  order  of  0.  1  to 
0.01  pf)  must  be  used.  A  criterion  for  selection,  therefore,  is  a  chip  which 
requires  the  least  amount  of  external  capacitance  for  satisfactory  frequency 
compensation. 

At  the  time  of  this  design  (summer  1966)  the  best  choice  was  National  Semi¬ 
conductor  Corporation's  LM101,  which  can  be  compensated  satisfactorily  with 
a  single  capacitor  in  the  range  of  3  to  30  pf,  depending  upon  the  usage. 

Three  such  chips  are  thus  used  in  each  hybrid  circuit. 

7.5.2  Substrates 

The  choice  of  a  substrate  material  is  influenced  by  the  size  of  the  production 
run  and  the  level  of  finality  of  the  design.  Ceramics,  the  most  common 
material  for  this  application,  are  avoided  here  because  of  both  high  tooling 
costs  and  the  need  for  design  flexibility.  The  simplest  approach  utilizes  an 
etched  circuit  board  of  10-mil  thickness  epoxy  fiberglass.  Both  sides  may 
be  used  for  the  circuitry,  simplifying  the  layout.  Components  may  be 
attached  easily  by  either  adhesives  or  soldering.  Electrical  connections  to 
the  board  can  also  be  made  by  soldering.  Fast  access  to  Litton's  in-house 
orinted  circuit  facility  encourages  this  approach. 

7.5.3  Components:  Resistors  and  Capacitors 

Both  resistors  and  capacitors  are  available  from  various  vendors  in  a 
microminiature  package  for  use  in  hybrids.  The  decision  was  made  to  use 
commercial  capacitors  where  needed,  and  to  construct  the  necessary 
resistors  as  a  matched  set  by  thin-film  techniques  on  a  secondary  substrate. 
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One  reason  for  this  is  that  the  final  electronic  performance  is  relatively 
independent  of  exact  resistor  values  but  is  more  critically  dependent  upon 
their  match.  This  is  a  useful  characteristic  of  thin  film  sets.  Also,  the 
exact  values  of  the  capacitors  will  affect  circuit  performance  critically, 
and  it  is  very  desirable  to  be  able  to  change  capacitors  as  needed.  This  is 
most  easily  accomplished  with  lead-mounted  discrete  devices. 

7.  6  FINAL  CIRCUIT  DESIGN 


7.  6.  1  Input  Stage 

The  exact  gain  expression  for  the  general  inverting  operational  amplifier 
configuration  shown  in  figure  22  is  given  by: 


The  operational  amplifier  is  being  used  here  at  frequencies  where  its  gain  is 
not  very  large  compared  to  unity;  thus  the  exact  equation  must  be  used. 


Specializing  to  this  circuitry,  refer  to  the  schematic  of  figure  25  in  which 
Cj  is  the  pattern  to  pickoff  capacitance,  R  the  feedback  resistor,  and  C2 
a  feedback  capacitor  to  stop  the  differentiator  and  ensure  a  stable  system. 
Using  transform  notation,  then: 


Z. 

1 


and 


Z.  '  SRC.  +  1 
1  2 

The  RC  products  here  are  made  up  of  terms  of  the  order  of  10  pf  and  50K, 
or  5  x  10-7  8eCond8  and,  therefore,  for  convenience  in  this  discussion,  the 
RC  factors  will  be  scaled  up  by  multiplying  them  by  107,  and  the  frequencies 
scaled  down  by  10~7.  Thus,  1  Mhz  =  6.28  x  10^  rad/sec  ~  0.628  (scaled). 

The  amplifier  gain,  A,  is  given  on  the  National  Semiconductor  Corporation 
data  sheet(2)  for  the  LM101  (see  figure  26)  as  a  plot  of  the  magnitude  of  gain 
vs.  frequency,  with  a  d-c  value  of  about  105  db,  a  simple  pole  at  around 
10  hz  and  decreasing  at  20  db/decade  until  it  passes  through  unity  around 


(2) 


National  Semiconductor  Corporation,  "LM101  Operational  Amplifier 
Data  Sheet,  "  Santa  Clara,  California,  1968. 
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Figure  25.  Operational  Amplifier  Network  for  Input  Stage 

1.  5  Mhz  (u>  =  1).  At  around  2  or  3  Mhz  (u>  =2),  the  slope  decreases  at  a 
faster  rate,  indicating  another  pole  and  an  increase  of  slope  to  40  db/decade. 
The  exact  value  of  gain  depends  upon  the  capacitor  that  is  used.  Here  a 
value  of  10  pf  is  a  good  compromise  between  stability  and  high  gain.  The 
gain  may  be  written  as: 

A(S)  =  -Jl—\ 

s(t+  ') 

and  K  may  be  evaluated  by  noting  that  for  S«  1,  A(S)  reduces  to  K/S  and, 
picking  a  small  (rffrom  the  data  sheet 

u>  =  2*  •  10  Khz  =  0.  00628 


A(0. 00628) 3  42  db  =  180 


so  that 


K  =  (0.00628)  (180)  s  1 
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NOTE:  Data  are 
from  manufacturer's 
data  sheet  of 
January  1968. 
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Figure  26.  Open  Loop  Frequency  Response  of  Typical  LM101 

Operational  Amplifier 

The  feedback  ratio,  p,  may  be  evaluated  with  the  aid  of  figure  27,  which 
shows  that  it  is  the  transfer  ratio  of  a  simple  voltage  divider.  Note  that 
here  is  included  about  4  pf  of  stray  capacitance  at  the  operational  amplifier 
input.  The  resistive  component  of  the  input  impedance  is  neglected  since 
the  data  sheet  gives  a  minimum  value  of  300K  and  a  typical  value  of  800K. 
This  yields: 


P  = 


SRC  +  1 
SRCt  +  1 


5  S  +  1 
US  +  1 
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where 


and  therefore 


C  =  C  +  C,  +  C, 
t  1  2  3 


5  S  +  1 

x7isTT 


How  stable  is  a  system  using  this  value  of  A?  The  two  criteria  for  stability 
are;  (1)  that  the  gain  margin  be  less  than  1  and, (2)  that  the  phase  margin 
be  at  least  45  degrees.  This  is  a  second  order  system,  which  always  has 
a  gain  margin  less  than  1,  and  the  phase  margin  may  be  evaluated  by 
determining  the  total  phase  shift  when  Af3  equals  unity.  For  this,  s  as  0.  5 
and  the  phase  at  unity  gain  s  120  degrees.  Thus  the  phase  margin  is 
180°  -  120°  (or  60°)  which  is  adequate. 


Figure  27.  Schematic  for  Computing  p,  the  Input  Feedback  Ratio 
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The  closed- loop  gain  expression  may  now  be  evaluated  as 

4S  1  4S 


G(S)  =  - 


VTT‘  1  "  1 .771177 


where  the  factor  l/S^  +  1  in  A(s)  has  been  dropped  for  computational  con¬ 
venience,  as  this  pole  is  considerably  above  the  frequencies  of  interest. 

The  asymptotic  behavior  may  quickly  be  found. 

S«  1,  G  —  -  4S 

s»l,  G _ 

•  ns  ns 

For  numerical  evaluation,  letS  =  jw,  and  obtain 

-j4m _ 


G  =■ 


^1  -  lit*)2 j  +  j6fa) 


and 


N2  = 


(4u,)‘ 


(l  -  1U>2)2  +  (6*)' 

1  6  w 


♦  =  -  90°  -  tan 


1  -  Uw 


The  gain  magnitude  and  phase  have  been  plotted  in  figures  28  and  29,  respec¬ 
tively,  along  with  the  experimentally  measured  gain  and  phase. 

7. 6. 2  Second  Stage 

The  operational  amplifier  subtractor  is  shown  in  figure  23  together  with  the 
appropriate  functional  equation: 


R,  /R,  +  R  \  R 
3/1  o  \  o 

'o-R,  \RZ  *  Rj  )*Z  ’  TT^  *1 


For  a  linear  subtraction  of  and  e  ,  the  following  obviously  is  required 


R  R,  +  R  R 
_ 3  _ 1 _ o  _  o 

R1  R2  +  R3  R1 


Let  R0/Ri  =  1,  and  then  arrive  at  a  relationship  between  R£  and  R^: 


R3  +  R2 


=  2 


56 


Figure  28.  Capacitive  Resolver  Electronics  Cain  Characteristics  of 

Input  Stage 


•4 
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Shift  (Degrees) 


Figure  29.  Capacitive  Resolver  Electronics  -  Phase  Characteristics 

of  Input  Stage 

This  may  be  determined  by  noting  that  it  is  good  practice  for  each  input  of 
an  operational  amplifier  to  see  approximately  the  same  d-c  resistance; 
thus  the  first  order  effect  of  offset  currents  is  cancelled.  This  requirement 
is  then 


which  gives  the  condition  that  all  four  resistors  must  be  equal. 

A  numerical  value  of  10K  is  a  good  choice.  It  is  small  compared  to  amplifier 
input  impedances  and  various  stray  reactances  at  100  Khz,  and  is  large 
enough  so  that  the  network  will  not  load  the  amplifier  or  result  in  exessive 
power  dissipation. 

For  this  second  stage  then: 

1  Zf  1 

A(s)  =  s;ir=1:p(S)=“ 
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and 


G(S)  =  1 


1 


1  + 


1/2S 


1 

1  +  2S 


This  stage  has  a  net  voltage  gain  from  either  input  to  the  output  of  unity,  thus 
its  frequency  response  will  be  flat  in  amplitude  from  zero  to  a  corner  at 
w  =  0.  5  or  f  =  0.  8  Mhz.  The  phase  shift  would  vary  as  tan"  *  2u  and  hence 
is  a  small  number  for  operating  frequencies  much  less  than  0.  8  Mhz. 


7.  6.  3  Complete  Amplifier 

The  gain  expression  for  the  complete  amplifier  is  simply  the  product  of 
the  gains  of  its  separate  stages: 

4S 

G<S)total  =  (ns2  +  6s  +  i)  ,1+2SI 

The  low-frequency  asymptote  is  the  same  as  for  the  preamplifier, 

lim  G(S)  =  4S 
S  —  oo 


and  the  high  frequency  response  will  fall  off  at  40  db/decade  because  of  the 
second  stage  roll-off: 

olc.  4S  2 
lim  G(S)  -  —  ,  = - y 

S-co  LL s  11S 


Figure  30  shows  these  asymptotes  and  measured  respor  6e  curves. 

The  net  phase  shift  of  the  complete  amplifier  is  simply: 

Arg  G  (S)  =  Arg  G  +  Arg  G 

6  total  preamp  subtractor 

or  4>=  -  90°  -  tan  * - — — j  -  tan  ^  2u 

1  -  llu* 

This  is  given  in  figure  31  for  the  non- inverting  input;  the  other  input  would 
introduce  an  additional  factor  of  180  degrees. 


7.6.4  Output  Protection 

The  electronics  on  the  L.M101  chip  is  designed  to  limit  the  output  current 
to  a  6afe  value  in  case  of  accidental  short-circuit  of  the  output.  The 
resultant  output  current  causes  a  power  dissipation  in  the  chip  which  is 
quite  safe  if  the  chip  is  bonded  to  the  usual  metal  header  or  other  appropri¬ 
ately  heatsinked  package.  Litton' s  use  of  this  chip  does  not  provide 
adequate  heatsinking  for  the  short  circuit  case  and,  therefore,  to  protect 
the  chip,  it  is  advisable  to  add  a  current  limited  impedance  to  the  output 
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Frequency  (Hz) 


Figure  30.  Capacitive  Resolver  Electronics  -  Gain  Characteristics 

of  Entire  Amplifier 

signal  path.  A  value  of  IK  will  limit  the  current  to  a  few  milliamperes  at 
a  few  volts  output,  and  this  value  will  not  increase  the  output  impedance  to 
an  excessive  value.  Two  feet  of  coaxial  cable  at  3  0  pf/foot,  has  a  reactance 
of  3 OK  at  100  Khs.  This  is  large  compared  to  IK. 
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Figure  31.  Capacitive  Resolver  Electronics  -  Phase  Response  Complete 
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SECTION  VIII 


ELECTRONICS  FABRICATION  AND  PERFORMANCE 


8.  1  SCOPE 

In  this  section,  the  assembly  of  the  hybrid  electronics  package  is  outlined, 
together  with  the  electrical  test  setup  for  the  amplifiers.  The  electrical 
performance  of  a  typical  amplifier  unit  it.  presented  and  compared  with  the 
predicted  characteristics. 

8.  2  FABRICATION  AND  PROCUREMENT  OF  COMPONENTS 

The  electronics  for  the  miniature  capacitive  resolver  consist  of  two  hybrid 
microcircuit  channels  which  are  mounted  to  the  back  of  the  metallized  quartz 
pickoff  substrate.  Both  channels  are  identical  and  each  consists  of  the 
following  parts: 

One  printed  circuit  card 
Five  Scionics  10-pf  pellet  capacitors 
One  thin  film  resistor  network 
Three  LM101  operational  amplifiers 

8.  3  ELECTRONICS  ASSEMBLY 

The  backs  of  the  printed  circuit  cards  are  coated  with  epoxy  and  cured  in  an 
oven.  This  is  done  to  provide  electrical  insulation  below  the  circuit  cards. 
Next,  the  five  capacitors  are  installed  using  a  minimum  of  solder.  This 
step  is  critical  as  solder  on  the  tops  of  the  capacitor  leads  makes  it  difficult 
to  bond  leads  to  them  ultrasonically.  A  thin  coat  of  epoxy  is  then  applied  to 
the  resistor  substrate  and  it  is  positioned  on  the  circuit  card.  Next,  the 
three  operational  amplifiers  are  installed  using  a  silver-filled,  conductive 
epoxy.  The  epoxies  are  oven  cured.  Care  must  be  taken  to  keep  the  sur¬ 
faces  of  the  amplifiers  and  resistor  substrate  parallel  to  the  circuit  board 
surface.  The  parallel  surfaces  are  important  in  the  ultrasonic  bonding 
operation.  One  mil  aluminum  wire  is  bonded  ultrasonically  from  the  ampli¬ 
fiers  and  resistor  substrate  to  the  gold-plated  copper  pads  on  the  printed 
circuit  cards  (see  figure  32).  These  electronic  assemblies  are  then  tested. 
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After  testing,  the  components  are  encapsulated  with  polyurethane  resin  by 
dipping  and  heat  curing;  four  coats  are  usually  applied.  After  the  final  cure, 
the  circuits  are  again  tested,  and  if  satisfactory  are  now  ready  for  assembly 
onto  the  pickoff  substrate  (see  figure  33). 


Figure  32.  Completed  Electronic  Assembly  for  One  Channel 
Prior  to  Encapsulation 


8.4  ELECTRONICS  TEST 


A  block  diagram  of  the  electronics  test  setup  is  shown  in  figure  34.  It  has 
been  designed  for  two  types  of  tests:  (1)  A  quick  go/no-go  test  to  indicate 
general  amplifier  performance  and,  (2)  complete  frequency  and  phase  response 
measurements. 

The  amplifier  etched  circuit  board  is  temporarily  fastened  to  a  carrier  for 
convenience  in  handling  during  fabrication  and  test.  The  carrier  is  a  two- 
inch  square  piece  of  circuit  board,  having  an  array  of  conductors  which  are 
temporarily  connected  to  the  hybrid's  terminal  connections.  The  conductors 
on  the  carrier  board  terminate  on  its  edge,  and  electrical  connection  is 
made  through  a  conventional  female  card  connector  into  which  the  carrier 
may  be  plugged. 

A-c  signals  for  the  tests  are  provided  by  a  Hewlett-Packard  650  A  sine  wave 
generator,  which  covers  the  desired  frequency  range  and  delivers  its  signals 
to  three  places:  (1)  the  oscilloscope  sweep  trigger  input,  (2)  the  reference 
channel  on  the  oscilloscope  input,  and  (3)  the  test  fixture  input. 

Certain  precautions  must  be  observed  in  the  checkout  of  operational  amplifier 
circuits.  Inputs  and  outputs  may  not  be  arbitrarily  open  or  short  circuited, 
as  this  may  upset  feedback  loops  upon  which  proper  operation  depends.  Here, 
the  input  signals  must  be  applied  through  a  proper  source  impedance,  and  the 
unused  inputs  must  also  be  grounded  through  an  appropriate  impedance.  A 
switch  is  provided  so  that  a  rapid  check  of  each  input  is  possible.  Frequency 
response  tests  are  made  with  a  small  capacitor  to  duplicate  the  design  con¬ 
ditions  of  section  VII  and,  for  general  tests,  a  resistive  impedance  is  used. 

Both  amplitude  and  phase  measurements  are  performed  using  the  oscilloscope, 
which  provides  sufficient  accuracy  for  this  work.  Phase  is  measured  by 
noting  relative  displacements  of  the  two  displayed  sine  waves.  Lissajous 
pattern  methods  with  an  XY  oscilloscope  are  available,  if  required.  The 
go/no-go  tests  involve  noting  approximate  output  amplitudes  and  the  presence 
of  a  180-degree  phase  shift  between  the  A  and  B  inputs  at  a  fixed  100  Khz 
frequency. 

For  trouble  analysis  and  internal  diagnostic  measurements,  it  is  desirable 
to  make  electrical  connections  to  locations  on  the  hybrid  circuit  board  or  on 
the  operational  amplifier  chips.  To  facilitate  this,  the  carrier  board  is 
attached  to  a  microscope  stage  fitted  with  adjustable  probes  to  contact  the 
circuitry  as  desired. 
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Figure  34.  Electronic 


fnder  Test 


:  Setup  for  Amplifier  Checkout 
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ELECTRICAL  PERFORMANCE 


8.  5 

8.  5.  1  Summary  of  Amplifier  Performance 

Table  IV  summarizes  the  measured  performance  of  one  of  the  complete 
amplifier  sets. 


TABLE  IV.  SUMMARY  OF  AMPLIFIER  PERFORMANCE 


Characteristic 

Parameter 

Voltage  gain  from  either  input 
to  output,  using  8  pf  input 
capacitor  at  100  Khz 

0.  22 

Phase  shift  from  inputs  to 
output  at  100  Khz 

115°  and  290° 

Power  supply  drain  (no  differ¬ 
ence  between  zero  and  1-volt 
signal  input) 

+15  -15 

supply  supply 

6  ma  15  ma 

Residual  noise  output  (inputs 
terminated  in  8  pf  and  50K, 
respectively) 

10  mv  peak-to-peak, 
observed  on 
oscilloscope 

Harmonic  distortion 

0.  9%  total  at  0.  4  volts 
rms  input  (0.45%,  2nd; 

0.8%,  3rd;  remainder, 
negligible) 

Linearity 

better  than  0.  2%;  zero 
to  1.2 -volt  peak  input 

8.  5.  2  Frequency  and  Phase  Response 

These  measurements  have  already  been  given  on  the  plots  of  their  expected 
values,  figures  28  thru  31.  Although  this  information  is  not  essential  to 
this  work,  it  furnishes  a  useful  check  on  performance  and  can  help  validate 
the  analytical  study. 

The  gain  (figure  28)  and  phase  (figure  29)  measurements  of  the  input  stage 
agree  with  the  simple  model.  The  increasing  discrepancies  above  a 
megahertz  (gain)  or  400  Khz  (phase)  are  caused  by  the  second  corner  in 
the  LM101  gain  around  2  to  3  MHz,  which  was  neglected  in  the  theoretical 
discussion. 
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The  gain  characteristics  of  the  entire  amplifier  (figure  30)  show  an 
interesting  effect,  indicating  the  presence  of  overall  feedback.  There  are 
two  inputs  to  the  amplifier  package  where  a  signal  may  be  introduced, 
designated  by  1  and  2  in  figure  24. 

The  test  setup  of  figure  34  is  used,  wherein  the  input  under  test  is  fed 
voltage  through  an  8-pf  capacitor  and  the  other  input  is  grounded  through 
a  50K  resistor.  This  is  an  unsymmetrical  arrangement  and,  unfortunately, 
the  unused  input  picks  up  some  signal  through  stray  capacitance.  This 
signal  is  then  combined  with  the  test  signal  in  the  subtractor  stage.  If  the 
test  signal  is  fed  into  input  1,  the  pickup  from  input  2  can  be  eliminated  by 
grounding  the  non-inverting  input  connection  to  the  subtractor  stage,  since 
this  does  not  effect  the  signals  entering  the  inverting  input.  If  the  test 
signal  is  applied  to  input  2,  pickup  cannot  be  eliminated  through  input  I, 
because  grounding  out  the  inverting  input  to  the  subtractor  stages  takes  out 
the  feedback  and  deranges  the  operation  of  the  stage.  The  output  or  input 
of  the  no.  1  operational  amplifier  cannot  be  grounded  safely,  since  this 
also  removes  the  feedback  and  could  result  in  destructive  operating  conditions 
for  the  amplifier  chip. 

Figure  30  shows  the  asymptotes  and  measured  response  for  these  three  con¬ 
ditions.  Curves  A  and  B  show  the  response  from  each  input,  subject  to  any 
pickup  effects  at  the  other  input.  Note  that  the  low  frequency  gain  here  is 
consistently  a  factor  of  two  less  than  expected.  For  curve  C,  where  this 
pickup  can  be  eliminated,  the  low  frequency  response  is  quite  close  to  the 
predicted  levels  indicating  the  removal  of  negative  feedback.  Where  the 
high  frequency  response  is  greater  than  predicted,  positive  feedback  effects 
are  indicated.  A  possible  contributor  to  this  is  the  close  proximity  of  all 
the  circuit  resistors  on  one  substrate,  future  designs  could  have  greater 
separation  between  such  components  belonging  to  different  stages  to  avoid 
possible  oscillation  if  newer  operational  amplifiers  with  improved  high 
frequency  response  are  employed.  These  effects  are  not  significant  at 
100  Khz,  the  design  operating  frequency. 

8.  5.  3  Other  Effects 

It  should  be  noted  here  that  the  peak-to-peak  output  signal  capability  of  this 
amplifier  is  frequency  limited  because  of  the  finite  slewing  rate  of  the 
operational  amplifiers.  For  example,  the  input  signal  must  be  I  volt  or 
less  at  frequencies  around  one  megahertz. 

The  operational  amplifier  chips  are  light  sensitive,  and  60-cycle  pickup  and 
other  effects  have  been  observed  when  the  amplifier  units  are  exposed  to 
strong  light,  such  as  when  under  microscopic  inspection.  This  can,  of 
course,  be  eliminated  by  using  an  opaque  encapsulant  or  cover  for  the 
amplifier  assemblies. 
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SECTION  IX 


ENGINEERING  MODEL  OF  0.9-INCH  CAPACITIVE  RESOLVER 

9.  1  SCOPE 

The  fabrication  of  a  0.  9-inch  engineering  model  of  the  capacitive  resolver 
consists  basically  of  three  phases: 

a.  Fabrication  of  the  pattern  and  pickoff  substrates. 

b.  Assembly  of  the  electronics  to  the  pickoff  substrate  . 

c.  Performance  testing 

Each  of  these  phases  is  discussed  in  detail  in  this  section. 

9.  2  FABRICATION  OF  PATTERN  AND  PICKOFF  SUBSTRATES 

The  fabrication  procedure  for  the  engineering  model  substrates  differs  from 
that  used  for  the  standard  pattern  and  pickoff  study  plates;  the  latter  are 
1  /8-inch  thick  while  the  engineering  model  plates  are  only  0.030-inch  thick. 
The  quartz  discs  are  ground  to  a  thickness  of  about  0.050-inch  and  then  the 
0.  375-inch  center  hole  and  0.020-inch  electrical  feedthrough  holes  are 
drilled.  The  disc  is  then  ground  to  its  finished  thickness  of  0.  030-inches. 
This  two-step  procedure  is  required  because  the  drilling  of  the  large  center 
hole  results  in  a  chipping  around  its  edges  in  areas  which  are  required  for 
metallization.  Final  grinding  after  drilling  removes  the  chipped  region  and 
leaves  a  full-sized,  flat  surface. 

Some  difficulty  was  experienced  in  obtaining  good  adherence  of  the  metalliza¬ 
tion  to  very  smooth  quartz  surfaces;  thus  the  discs  are  not  polished  but  are 
left  with  a  fine  grind  finish  of  about  10  microns  roughness.  The  early  use  of 
a  metal  to  fill  the  electrical  feedthrough  holes  has  been  eliminated.  Contact 
is  now  made  by  metal  film  deposition  in  the  holes. 

The  hole  metallization  may  be  accomplished  in  two  ways,  the  simplest  of 
which  is  a  chemical  deposition  process.  The  carefully  cleaned  disc  is 
bathed  in  a  stannous  chloride  solution,  rinsed,  and  then  immersed  in  a 
palladium  chloride  bath,  where  a  monolayer  of  metallic  palladium  is 
deposited  over  the  entire  surface  of  the  disc  by  chemical  reduction  from  a 
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residual  layer  of  stannous  ions.  This  film  is  built  up  in  thickness  with 
chemically  deposited  copper  and  is  further  increased  to  about  0.  2  mils 
thickness  with  electroplated  copper.  The  feedthrough  holes  and  the  area  of 
the  disc  for  about  a  millimeter  around  them  is  protected  with  a  synthetic 
rubber  compound;  then  the  exposed  copper  is  chemically  removed.  This 
procedure  leaves  a  little  copper  eyelet  on  either  side  of  the  feedthrough  holes. 

Metal  films  with  better  adherence  properties  are  produced  by  a  vacuum 
evaporation  method  using  the  experimental  observation  that  nichrome  films 
adhere  more  tenaciously  to  quartz  or  glass  substrates  than  most  other  metals. 
An  evaporated  nichrome  film  is  laid  on  all  over  the  disc,  and  followed  by  a 
copper  film.  Again,  final  thickness  is  built  up  in  electroplating  baths,  the 
desired  areas  masked,  and  the  excess  metal  chemically  removed. 

The  substrate  which  is  to  become  the  pattern  disc  is  coated  on  one  side  with 
about  5000  A  of  aluminum  either  by  evaporation  or  using  a  sputtering  process 
(which  gives  better  adhesion).  A  nichrome  underlayer,  or  a  nichrome  film 
itself,  cannot  be  used  here  because  only  aluminum  is  suitable  for  use  in 
photo-etching  fine  line  patterns.  The  aluminum  surface  is  then  coated  with 
photoresist,  exposed  to  the  appropriate  pattern  mask,  developed,  and  etched, 
resulting  in  the  fine  line  pattern  which  delineates  the  various  pattern 
elements.  The  excess  photoresist  is  removed,  and  the  disc  is  cleaned  and 
checked  for  electrical  isolation  of  all  the  pattern  elements.  If  it  is  satisfac¬ 
tory,  lead  wires  are  soldered  into  the  holes  and  the  disc  may  be  installed  in 
the  lower  half  of  the  test  fixture. 

There  are  a  number  of  possible  arrangements  for  combining  the  pickoff  disc 
and  its  associated  electronics.  The  simplest  method  is  to  deposit  a  circuit 
pattern  on  the  rear  face  of  the  pickoff  disc  and  attach  the  amplifier  substrates 
and  connections  directly  to  the  back  of  the  disc.  This  circuit  pattern  is 
etched  from  a  vacuum-deposited  copper-nichrome  film  with  processes 
described  above.  The  other  assembly  method  is  to  place  the  electronics  on 
a  thin  etched  circuit  card  which  is,  in  turn,  bonded  to  the  back  of  the  pickoff 
disc.  In  this  case,  the  eyelet-style  metallization  on  the  rear  of  the  disc  is 
adequate,  and  no  further  processing  is  used.  For  either  assembly  method, 
the  front  surface  of  the  disc  is  aluminized  and  etched  to  form  the  pickoff 
plate  geometry  in  a  manner  identical  to  that  used  for  the  pattern  discs. 

9.  3  ASSEMBLY  OF  ELECTRONICS  TO  PICKOFF  SUBSTRATES 

As  has  been  mentioned,  the  electronics  assembly  may  be  placed  either 
directly  on  the  rear  of  the  pickoff  disc,  or  upon  a  separate  circuit  card;  the 
same  etched  circuit  pattern  is  used  for  either  method.  The  use  of  the  disc 
as  the  substrate  for  the  electronics  assembly  has  the  advantages  of  compact¬ 
ness  and  reduced  total  height,  and  the  disadvantage  that  the  assembly  cannot 
easily  be  taken  apart  without  irreversible  damage.  In  addition,  the  attach¬ 
ment  of  objects  to  the  rear  of  the  disc  can  cause  stresses  on  the  disc  which 
will  warp  it  slightly  and  decrease  its  operating  precision.  Attachment  of  all 
the  electronics  to  a  separate  subassembly  has  the  advantages  that  this 


70 


subassembly  may  be  more  easily  checked  and  repaired,  and  its  attachment 
to  the  rear  of  the  disc  can  be  accomplished  in  a  manner  which  creates  less 
warpage  of  the  disc. 

The  tested  amplifier  pairs  are  cemented  with  a  suitable  adhesive  to  the 
back  of  the  pickoff  disc  or  to  the  separate  circuit  card.  The  necessary 
interconnects  and  lead  wires  are  attached,  and  for  ease  of  alignment  in  the 
test  fixture, the  connections  to  all  four  pickup  quadrants  are  brought  out 
separately,  as  are  their  corresponding  amplifier  inputs.  This  allows  both 
mode  A  and  mode  B  tests  on  the  engineering  model. 

9.  4  MOUNTING  OF  ENGINEERING  MODEL  ELEMENTS  IN  TEST  FIXTURE 

Mounting  of  the  pickoff  assembly  into  the  upper  half  of  the  test  fixture  is 
performed  in  two  ways:  A  very  sturdy  mounting  technique  is  to  fasten  to  the 
rear  of  the  disc,  in  the  area  outside  of  the  amplifier  boards  and  interconnects, 
two  mounting  bars,  each  3/8  inch  long  and  about  0.  060  inch  square  cross 
section.  By  carefully  controlling  the  thickness  of  the  bars,  the  disc  surface 
may  be  maintained  very  parallel  to  the  plane  of  the  mounting  fixture,  thus 
simplifying  the  alignment  procedures.  However,  this  method  requires  the 
attachment  of  material  to  the  disc,  a  possible  cause  of  warping  due  to 
differential  thermal  expansion.  In  addition,  support  in  this  manner  creates 
a  lever  arm  extending  across  most  of  a  diameter  of  the  disc,  and  relative 
expansion  between  the  disc  and  the  support  to  which  the  bars  are  attached 
can  further  increase  deformation  of  the  disc. 

A  superior  mounting  method  is  to  support  the  disc  assembly  at  its  center 
hole.  A  short  metal  stud  is  located  on  the  upper  half  of  the  test  fixture;  its 
diameter  is  slightly  larger  than  the  center  hole  of  the  disc,  and  it  has  a 
shoulder  machined  into  its  lower  end  onto  which  the  disc  may  rest.  The 
disc  is  held  in  place  with  an  appropriate  wax.  This  method  gives  adequate 
support  for  the  disc  with  a  minimum  of  warpage  to  its  surface. 

The  mounting  of  the  pattern  disc  in  the  lower  half  of  the  test  fixture  is  also 
somewhat  critical.  The  method  which  has  been  found  to  be  the  most  satis¬ 
factory  is  to  support  the  disc  over  its  entire  rear  surface  on  a  flat,  ground 
metal  surface,  in  which  small  holes  are  provided  for  the  three  pattern 
electrical  leads.  The  metal  plate  is  given  a  very  uniform  thin  coat  of  wax 
by  painting  on  a  solution  of  the  wax  in  a  suitable  solvent  which  is  then 
allowed  to  evaporate.  The  plate  and  the  disc  are  heated  to  the  melting  point 
of  the  wax  (about  140°F),  placed  in  contact,  and  allowed  to  cool  with 
sufficient  pressure  on  the  disc  to  assure  a  uniform  contact  with  the  plate 
over  its  rear  surface.  This  tends  to  force  the  disc  to  assume  the  degree  of 
flatness  provided  by  the  mounting  plate,  and  reduces  the  effects  of  any 
warpage  it  may  have  when  not  so  constrained.  The  guard  ring  surrounding 
the  pattern  is  grounded  to  the  fixture  frame  by  a  conductive  paint  applied  on 
top  of  the  fillet  surrounding  the  disc. 

Figure  3  5  shows  the  upper  half  of  the  test  fixture  with  a  mounted  engineering 
model  pickoff,  and  figure  36  shows  the  lower  h*lf  with  a  mounted  pattern. 
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Figure  35.  Engineering  Model  Pickoff  in  Upper  Half  of  Test  Fixture 


Figure  36.  Engineering  Model  Pattern  in  Lower  Half  of  Test  Fixture 
9.  5  PERFORMANCE  TEST 

There  are  three  important  areas  where  the  engineering  models  differ  from 
standard  pattern  and  pickoff  test  plates,  and  which  will  effect  performance. 

a.  The  on-board  electronics  assemblies,  as  compared  with  the 
off-board,  or  external  amplifiers. 
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b.  Guard  ring  requirements.  The  small  substrate  diameter  here  now 
means  that  there  is  only  0.  025  inches  radius  lefc  for  a  guard  ring 
outside  the  actual  pattern  or  pickoff  metallization. 

c.  The  0.  030  inch  thick  discs  are  1/4  as  thick  as  the  test  plates.  In 
general,  the  deflection  of  the  thinner  discs  under  similar  loading 
to  the  thick  plates  would  be  4^,  or  64  times  as  much,  and  possible 
deformation  due  to  mounting  must  be  considered. 

An  extensive  series  of  tests  was  made  to  evaluate  these  considerations,  using 
various  engineering  models  of  the  patterns  and  pickoffs,  tested  against  each 
other  and  against  the  standard  patterns  and  pickoffs.  The  gross  results  are: 

a.  Guard  rings  are  definitely  required  for  satisfactory  performance 
and  the  0.  025-inch  space  available  is  sufficient. 

b.  The  on-board  hybrid  electronics  perform  as  satisfactorily  as  the 
external  discre'.^  Dreadboard  electronics. 

c.  The  deformation  of  the  plates  by  any  mounting  method  used  must 
be  less  than  about  0.  1  mil  (deviation  from  a  plane  surface)  if  the 
desired  accuracy  is  to  ’  e  obtained. 

Detailed  measurements  on  the  engineering  model  elements  are  shown  in 
table  V,  and  the  data  reduction  printouts  from  DFCAP4  for  these  cases  are 
presented  in  figures  37  thru  39.  The  design  goal  of  a  10-arc-minute  device 
has  been  met. 

TABLE  V.  PERFORMANCE  TESTS  OF  0.  9-INCH  DIAMETER 
ENGINEERING  MODEL  CAPACITIVE 
RESOLVER  ELEMENTS 


Run  and  Date 

Pattern 

Used 

Pickoff 

Used 

Gap 

(Mils) 

Error 

(Arc  Minutes) 

^Electronics 

Used 

IB  4-8-69 

Standard 

EM  2 

3.  0 

10.  2 

On-board 

IB  4-17-69 

EM  3 

Standard 

3.  0 

10.  2 

External 

IB  4-17-69 

EM  3 

EM  2 

3.  0 

10.  2 

On-board 

^Opposite  plates  summed  electronically  in  all  cases. 


NOTES 

1.  Both  standard  am  engineering  model  (EM) 
pattern /pickoff  substrates  have  0.020-inch 
diameter  holes  metallized  for  feedthroughs. 
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TABLE  V.  PERFORMANCE  TESTS  OF  0.  9-INCH  DIAMETER 
ENGINEERING  MODEL  CAPACITIVE 
RESOLVER  ELEMENTS  (cont) 


2.  Surface  runout  (maximum  excursion  from 

plane  surface) 

Standard  pattern: 

0.  04  mils 

EM  2  pickoff: 

0.  1 5  to  0.  20  mils 

EM  3  pattern: 

0.05  mils 

---CAPACITIVE  RESOLVER 

DAT/  REDICTION--- 

RUN  NUMBER 

TYPE 

ANONrl 

EN0RM 

IER 

K.  CODE 

1D130  040869 

0.9SPH/EM2Q 

9.490E-04 

4.C87E-04 

5 

5  12301 

IB 230  04CS69 

0.9SPH/EN2Q 

1.2G5E-03 

4. 593E-C4 

5 

5  12302 

16130  0408C9 

0.3SPH/tM20 

9 . 490E-04 

l».C87E-04 

5 

5  12301 

1B230  040869 

0.9SPH/EM2Q 

1 , 2C5E-0  3 

4.593E-04 

5 

5  12302 

FOURIER  COEFFICIENTS  FROM  COMPUTER 

PROGRAM  DTF0UR-  -NORMALIZED 

PLATE  1 

PLATE  2  _ 

PLATE 

:  3 

PLATE  4 

K 

AOO 

BOO 

AOO 

B  <  K ) 

AOO 

BOO 

A  ( K )  BOO 

1 

-0.002G73 

0.0 

-0.009760 

0.0 

O.OC2C73 

0.0 

0.009760  0.0 

2 

0.331799 

0.940859 

0.940450 

-0.339932 

-0.338799  - 

0.940859 

-0.940450  0.339932 

3 

-0.002954 

-0.001886 

-0.008036 

0.002609 

0.002954 

0.0C8886 

0.008036  -0.002609 

-0.000519  -0.000608 

4 

-0.000507 

5F.0U00T9 

"0.  OOTT3TT 

U.0OC6CB 

O.O0C3C7  ■ 

•TJ  .“00  001 9 

S 

-0.000113 

-0. 000235 

0.000186 

-0.0C016C 

0.0CC115 

0.0C0235 

-0.000186  0.000160 

ANGULAR  BIAS 

BETWEEN  PATTERN 

Z E PC  AMD  TURNTABLE  ZERO 

-70.20 

DEGREES 

-70.13 

DECREES 

-70.70 

DEGREES 

-70,13  DEGREES 

---OPPOSITE  PLATE  SUMMATION  WITHOUT  TILT  CORRECT  I  ON--- 


TifAfnrA*  AFTCtrv"«7IT.TS  OEGRFES,  DIFFERENCE  IN  ANCLES  -  5.1 .TIN?  OTCRETS,  JER  ■  5 


FOURIER  COEFFICIENTS  ROTATED  BY  BIAS  ANGLE 


COSINE 

PLATES 

SINE 

PLATES 

K 

A13(  O 

B1 3(K) 

A24 (K) 

B24 ( K ) 

1 

-0.005.45 

0.0 

0. 049520 

0.0 

2 

1.999999 

0.001206 

0.001202 

1.999999 

3 

-0.006800 

0.017451 

-0.015702 

-0.006245 

o.iroom 

4 

0.000510 

-0.000345 

0*1211 

5 

0.000419 

-0.000309 

-0.000383 

-0.000307 

ERROR  RPSIPUE---ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  Ur  ERROR  FUNCTION  -  10.24  ARC  MINUTES  AT  0.0  DEGREES 

'  rror  Tunrntm  com ;  c  i  fnts 


K  AER(K)  BER(K)  (IN  RADIANS) 


1  O.OOOOOS 

2  0,001472 
J  0 , 001009 
4  0.000425 


0.0 

-0.000579 

0.000280 

0.0001C1 


5  0.000239  0,000031 


Figure  37,  Test  Data  Summary  -  0.9-Inch  Engineering  Model 
Pickoff  Against  Standard  Pattern 
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— CAPACITIVE  RESOLVFP  DAI  A  REDACT !  OfJ - 


RUN  NUMBER 

TYPE 

A  NO  PM 

Ft, OEM 

IFR 

M  CODE 

1B130  041769 

Q.9STO/EM3P 

7.S9GE-C4 

3 . 1 2  *  E-04 

5 

5  12301 

1B230  0417C9 

0.9STQ7EN3P 

8.036E-04 

3.127E-P4 

6 

-5—  12302 

13130  041769 

0.9STO/EN3P 

7 , 89GE-04 

3  , 1 2  /  E  -  0  *i 

5 

5  123C1 

1F23C  041769 

G.9STO/ t"3P 

6.03GE-C4 

3.127E-04 

C 

5  12302 

FOURIER  COEFFICIENTS  FROM  CONPt  TFR 

FROGRAJ  ‘  D F FOU R - - - NORMA L 1 Z F D 

PLATE  1 

PLATE  2 

PLATE  3 

PLATE  4 

K 

A ( K  )  B(K) 

A(K) 

B(K) 

A  (  K  ) 

R  ( K ) 

A  ( K )  B(K) 

1 

-0.006666  0.0 

-0.003721 

0.0 

o.occei 6 

0.0 

0.003721  0.0 

2 

0.743697  0.668517 

0.667451 

-C.  744Cr>4 

-0.743697 

-0.666517 

-0.667451  0.744654 

3 

-0.004726  -0.007862 

-0.007704 

0.C04912 

0 . 004  7.?6 

0 . 007C62 

0.007704  -0.004922 

*4 

-0.001001  0 . 00059C 

-0.001093 

0.00C1M 

c.ncui  i 

-T7000596 

0.001093  -0.000113 

5 

0, 000007  -0.000291 

-0.000144 

0.C0C450 

-0.C00CC7 

0.000291 

0.000144  -0.000450 

A NCI ! AR  BIAS 

BFTl.FFN  PATTERN 

ZERO  AND  TUP.NTA7LE  ZERO 

-41.95  DECREES 

-41.87 

DECREES 

-41.95 

DFCREES 

-**1.87  DECREES 

- OPPOS  ITT  PLATT  SURAT!  CM  WITHOUT  TILT  CORRFCT  I  ON--- 


KEAN  BIAS  ANCLF  -  -*<1.01  DECREES,  Dl  FFERFNf E  IN  ANCLES  •  4.1C5F-02  DFCRFES,  JER  -  5 


FOURIER  COEFFICIENTS  ROTATED  BY  BIAS  ANCLE 


COSINE  PLATES 
K  A1 3 ( K )  B13(K) 


SINE  PLATES 
A24(K)  R  2  U  (  K  ) 


1 

2 

3 

*4 

5 


-O.C13372 

1.99999* 

-0.C1665C 

0.002231 

-0.000137 


0.0 

0,001*433 
0.007705 
0 , 0C1059 
0,000567 


0. 007*<  43 
O.OC1432 
0.0TS129 
0.001573 
0.C00474 


r  o 

1.99999E 

0.016378 

0.001561 

0.000*17 


ERROR  RESITLE-— ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  -  10.21  ARC  MINUTES  AT  110.00  DEGREES 


ERROR  FUNCTION  COEFFICIENTS 


K  AEROO  BFP(K)  (IN  RADIANS) 


1 

* 

3 

4 

5 


0.000003 
-0. 000236 
0.000047 
-0 . 000364 
-0.000131 


0.0 

-0.001570 

0.0CC157 

0.000231 

-0.CO0942 


Figure  38.  Test  Data  Summary  -  0.  9-Inch  Engineering  Model 
Pattern  Against  Standard  Pickoff 
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---CAPACITIVE  RESOLVER  DATA  REDUCTION--- 


RUN  NUMBER 

TYPE 

A  NORM 

ENORM 

1  ER 

M 

CODE 

16130 

0*1769 

EN2Q/EM3P 

6.531E-0* 

2 . 2**E-0* 

5 

5 

12301 

1B230 

0*1769 

EM2Q/EM3P 

7 . L  *  3E-0* 

2.1*76-0* 

7 

5 

12302 

18130 

0*1769 

EM20/EH3P 

6 . 5TIF-0V 

7.7*5E-0* 

5 

5 

17301 

1B230 

0*1769 

EMZQ/EM3P 

7.**3E-0* 

2.8H7E-0* 

7 

5 

12302 

FOUCI  ER  COEFFICIENTS  FROM  COMPUTER  PROGRAM  DF FOUR ---NORMAL  I ZrD 
PLATE  1  PLATE  2  PLATE  3  PLATE  4* 


K 

A(K) 

B(K) 

A(K) 

B(K) 

A  (K ) 

fi(  K) 

A(K) 

B(K) 

1 

-0.007291 

0.0 

-0.00*233 

0.0 

0.0C729* 

0.0 

0.00*233 

0.0 

2 

0,653119 

0.757255 

0.75*375 

—  0.65CNNN 

-0.653119 

-0.757255 

-0.75*375 

0.6561  U 

3 

-0.003731 

-0.001690 

-0.00*366 

0.003*0* 

0.003731 

0 .008690 

0.008366 

-0.003*0* 

* 

-o.ooom 

0.500077 

-TT,  00076  7 

^0.  OOOT1* 

”  TTOOOm 

-07000077 

0.000767 

0.00011* 

5 

-0.CC0129 

-0.000271 

-0.0000** 

0.000165 

0.000129 

0,000271 

0.0000** 

-0.000165 

ANGULAR  BIAS  BETWEEN  PATTERN  ZERO  AND  TURNTABLE  ZERO 
-*9.22  DECREES  -**.97  DECREES  -*9.22  DECREES  -*8.97  DEGREES 


-—OPPOSITE  PLATE  SUMMATION  WITHOUT  TILT  CORRECTION— - 


MEAN  11*5  AflClT  *  =5171 


r n  Aictrs  ■  i.26fiE-ei  degrees,  jfr  -  5 


FOURIER  COEFFICIENTS  ROTATED  BY  BIAS  ANGLE 
COSINE  PLATES  SINE  PLATES 


K 

A13U) 

B13U) 

A  2* ( K ) 

E  2*  ( K ) 

1 

-0.01*596 

0.0 

0.008*66 

0.0 

* 

1.999993 

0.00**01 

0.00*399 

1.99999* 

' 

-0.016139 

0.0098C3 

-0.009123 

-0,015592 

0 .  D  01 555 

07TOOII5 

-0.06116* 

-6.001022 

5 

0.000*00 

0,0CC**f 

0.60C0C9 

0.0003*1 

E3R0R  RE:  ICUE---ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  ■  10.21  ARC  MINUTES  AT  100.00  DECREES 

ERROR  FUNCTION  COEFFICIENTS 


K 

AER(K) 

BER(K) 

1 

-0.000003 

0.0 

2 

-0.000501 

-0,000625 

3 

O.OC1C97 

0.00013*4 

* 

0.000090 

0.000311 

5 

-O.COOGC5 

-o.orcf*3 

(IN  RADIANS) 


Figure  39.  Test  Data  Summary  -  0,9-Inch  Engineering  Model 

Pattern  and  Pickoff 
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SECTION  X 
ERROR  ANALYSIS 


10.  0  SCOPE 

In  this  section,  the  definition  for  error,  as  it  relates  to  this  work,  is  given. 
The  various  mechanical  and  electrical  contributions  to  error  are  then 
discussed.  Much  of  the  analysis  is  complex  enough  to  require  a  computer, 
and  the  different  computer  programs  developed  to  expedite  this  work 
are  shown. 

10.  1  GENERAL  SOURCES  FOR  ERROR 

The  errors  and  inaccuracies  in  an  electromechanical  device  of  this  type  are 
divisible  into  two  classes:  mechanical  and  electrical.  Under  mechanical 
error,  are  included  sill  effects  resulting  from  either  mechanical  perturba¬ 
tions  of  structures,  or  geometrical  effects  of  position  and  alignment. 
Electrical  error  sources  include  all  the  effects  of  non-perfect  electronic 
signal  processing. 

10.  1.  1  Mechanical  Errors 

Mechanical  systems  may  be  conveniently  characterized  by  the  degrees  of 
freedom  possible  in  their  relative  or  absolute  motions  Consider  the 
system  composed  of  pattern  and  pickoff  discs,  fixed  in  space  opposite  each 
other  and  able  to  rotate  with  respect  to  each  other.  Let  this  be  the  z-axis  of 
a  coordinate  system  as  shown  in  figure  40.  Ideally,  this  rotation  about  the 
z-axis  would  be  the  only  permitted  degree  of  freedom  in  the  system,  which 
of  course,  specifically  measures  this  rotation.  No  such  system  is  mechanic¬ 
ally  perfect,  and  motions  along  other  axes  which  may  contribute  errors  are 
possible. 

The  other  possible  rotational  degrees  of  freedom  are  those  of  either  the 
pattern  or  the  pickoff  plates,  or  both,  around  a  possible  axis  in  the  x-y  plane. 
This  is  defined  as  pattern  or  pickoff  tilt,  and  will  be  discussed  under  that 
title. 


z 


Desired  Axis  of  Rotation 


Figure  40.  Coordinate  System  for  Error  Considerations 

The  translational  degree  of  freedom  along  the  z-axis  does  not  explicitly  give 
rise  to  error  terms,  because  of  the  symmetry  of  the  structures,  but  any 
structural  irregularities  in  the  z  direction  will  so  contribute,  and  will  be 
considered  under  the  subject  of  gap  changes.  Translational  motions  of 
either  disc  in  the  x-y  plane  are  discussed  under  eccentricity  errors. 

10.1.2  Electrical  Errors 

In  the  original  planning  for  this  work,  it  was  believed  that  a  significant  error 
source  would  be  the  effect  of  fringing  fields  around  the  edges  of  the  pattern 
plate  electrodes.  In  fact,  preparation  was  made  for  redesigning  the  pattern 
on  the  basis  of  experimental  measurements  of  this  distortion.  Experimental 
results  have  shown  that  any  such  effects  appear  to  be  significantly  less  than 
the  mechanical  error  discussed  here,  and  hence  no  further  work  was  done 
on  this  topic.  The  first  choice  of  a  three-element  pattern  was  found  to  be 
eminently  suitable  for  both  the  1.  5  and  0.9-inch  diameter  plates. 
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There  are  a  number  of  significant  areas  which  contribute  to  electronic  errors. 
These  electronic  errors  are:  finite  amplifier  gain,  component  tolerances, 
stray  capacitance,  and  parametric  effects. 

10.1.3  General  Expression  for  Error 

Error  in  the  capacitive  resolver  is  defined  as  follows: 

Error  =  Mechanical  Input  Angle  -  Electrical  Output  Angle 
or 

f  a  sin  6  1 

®e  ~  ®input  arC  an  LbcosoJ  output  (10.1) 

where  a  and  b  are  the  respective  coupling  coefficients  for  the  pairs  of  pickoff 
plates,  and  sin  6  and  cos  6  are  the  two  periodic  functions  of  the  angle  seen 
by  the  pairs  of  plates. 

10.2  MEC HANICAL  E RROR  ANALYSIS 


10.2.1  Error  Due  to  Gap  Changes  Along  Pattern 

Consider  a  gap  between  the  pattern  and  the  pickoff  plates  that  is  effectively 
changing  along  the  length  of  the  pattern  in  some  random  way.  This  change 
is  caused  by  a  combination  of  waviness  in  the  surface  of  the  pattern  and 
nonperpendicularity  between  the  average  surface  plane  and  the  axes  of  rota¬ 
tion  for  either  element.  Included  here  are  all  the  surface  errors  that  would 
cause  a  gap  "runout"  and  that  have  no  angular  correlation  t-  the  pattern. 
This  runout  effectively  changes  the  local  coupling  coefficients,  a  and  b,  in 
the  error  expression;  and  a  change  in  their  ratio  introduces  error.  The 
error  expression  is  written  as  follows: 

0  =0  -  arctan  [ktanOl  (10.2) 

e  J 


where: 


k  =  a/b  (10. 3) 

The  values  of  6  where  this  error  will  be  a  maximum  are  calculated  from  the 
derivative  of  error  with  respect  to  6 


d0 
_ e 

d0 


=  1  - 


k  sec  0 
2  2 

1  +  k  tan  0 


=  0 


(10.4) 


or 


1  -  k 


2  . 
sec  0 


2  2 
k  tan  0 


=  0 


(10.5) 
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from  which 


8  =  arctan 


VF 


(10.6) 


•o  that  for  k  =  1,  maximum  error  occurs  around  8  =  *  45°  and  substituting 
into  equation  (10.  2) 


®em.x  2  *rCU"  Vt  -  lrc  lan  (kVF 


from  which 


=  (■«  »e 


*  tan  e 


(10.7) 


(10.8) 


max 


This  expression  can  be  considered  as  k  ±  Ak,  Defining  relative  runout  as 
A  g/gQ,  as  shown  in  figure  41,  the  expression  for  k  can  be  written: 


ktAk  =  *  =  i-m2 


(10.9) 


from  which 


££  =  ±  Vi _ 1 

g  "  k  +  Ak 


(10.  10) 


and  for  small  Ak 


(10. 11) 


Calculating  the  relative  gap  change  that  will  cause  a  5  arc  minute  error  in 
output 

8  -  5  arc  minutes 

e 

k  =  (sec  6  *  tan  8  )^  =  (1  ±  0.00145)^ 

©  © 


k  ±  Ak  =  1  ±  0.  0029 


=  *  W  0.  0029  =  0.  054 


so  that  for  a  gap  (g  )  of  0.003  inches,  a  random  gap  change  bounded  by  0.0003 
inches  will  limit  that  output  error  contribution  to  5  arc  minutes. 
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Figure  41.  Gap  Runout 


10.2.2  Error  Introduced  by  Radial  Misalignment  or  Eccentricity 

Error  is  introduced  into  the  output  signal  of  the  capacitive  resolver  if  the 
center  of  either  the  pattern  or  the  pickoff  is  displaced  from  the  axis  of 
pattern  rotation.  If  the  pattern  and  the  pickoff  are  identical  in  size,  any 
radial  displacement  of  one  with  respect  to  the  other  causes  a  vignetting  of 
the  pattern,  and  a  complex  error  model  is  needed  to  account  for  the  inter¬ 
ruption  of  pattern  elements.  However,  if  the  pickoff  is  allowed  to  be  slightly 
larger  than  the  pattern,  so  that  the  pattern  boundaries  are  always  inside  the 
pickoff  boundaries,  radially,  then  a  simpler  error  model  can  be  constructed 
that  provides  a  close-form  approximate  function  of  the  net  coupled  output 
signal. 


10.2.2.  1  Compound  Eccentricity  Error  Model.  Consider  the  relationships 
of  the  pattern  and  pickoff  of  the  capacitive  resolver  shown  in  figure  42.  The 
center  of  the  pickoff  is  displaced  eccentrically  from  the  center  of  pattern 
rotation  and  the  center  of  the  pattern  itself  is  displaced  eccentrically  from 
its  center  of  rotation.  This  compound  eccentricity  is  the  case  encountered 
most  often  in  pattern  testing  and  the  error  model  must  deal  with  this  case 
because  the  kinematic  relationships  are  dependent  on  both  eccentricities, 
and  cannot  be  separated.  Figure  43  shows  this  relationship  between  a  line  in 
the  pattern  coordinate  system,  (in  this  case  the  mean  pattern  radius,  R)  and 
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Figure  42.  Compv.  mded  Eccentricities  with  Extended- 
Diameter  Pickoff  Overlapping  Pattern 


Figure  43.  Relationships  of  Patterns  and  Pickoff  Centers  for 

Compound  Eccentricities 
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that  line  in  the  pickoff  coordinate  system,  specified  by  p  and$.  The  two 
coordinate  systems  are  displaced  by  d,  which  changes  direction  and  length 
as  the  pattern  eccentric,  e,  is  rotated  in  6 .  When  d  is  small  in  comparison 
to  R,  as  is  the  case  with  the  small  eccentricities,  e  and  f,  the  radius,  p  , 
can  be  described  to  second  order  in  terms  of  the  eccentric  parameters. 


(10.  12) 


where  e/R  and  f/R  are  the  normalized  pattern  and  pickoff  eccentricities,  Q 
is  angle  through  which  the  pattern  eccentric  vector  has  been  rotated,  and  <)> 
is  the  angle  of  interest  in  the  pickoff  coordinate  system.  The  net  coupled 
signal  to  a  pickoff  quadrant  is  calculated  as  in  the  previous  sections  describing 
pattern  selection,  using  the  relationship  stated  above  to  describe  pattern 
generating  functions  in  the  pickoff  coordinate  system.  In  general: 


<f>+  V4 


$-t74 

Now,  expanding  equation  (10.  12) 


d<$> 


and  let 


then 


=  r  |  1  +  Jj^  cos  6  -  — cos  4>  -  ^  sin  0  j  sin4>J 

•r[(f:c<>,e •i)*ln*  +(| ,ine)  co,+]  I 

(|-)co,e  = 

(f).infl  =p 

p  =  r  |  1  -  (  a  cos  <)>  +  (3  s  in  ) 

-  ~*  ( (3  cos  4>  -  a  sin4»  )^  } 


(10.  13) 


(10. 14) 


(10.  15) 


(10. 16) 
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and  to  second  order 


p^  =  jl  -  2(a  cos  $  +  p  sin  <f> ) 

+  (p^  -  a/Z)  cos  2<|>  +  2ap  sin  24»J 


(10.  17) 


which  is  used  to  expand  the  function  being  integrated,  as  shown  below: 


7  T(p2  -  p2)  +  2(P: 
2  L  o  i 


r-pk>]  =[£ <r!  -  rf> +  z(r.2  -  rk>] 


+  j  1  -  2(a  cos  4>  +  P  sin<J>) 

2  2  , 

+  (p  -a  )cos  2  4>  +  2a  p  sin  2  | 


(10. 18) 


The  expression  in  r^  is  recalled  from  paragraph  3.2  to  be 


4R  c  cos  (pattern  angle) 


and,  referring  to  figure  42  is: 


4R^«  cos  (0  +  6^  -$) 


(10.  19) 


Then 


<|>  +  tt/4 


A  =  4R^€  /cos  (0+0  -  4>)  !  1  -  2  (a  cos  <j>  +  p  sin  <$>) 

net  Jo 


4>  -  tt/4 


(10.  20) 


+  (p^  -  a^)  cos  2$  +  2aP  sin  24s  j  d 4* 
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Integrating  over  (<(>  ±  tt/4)  and  summing  opposite  plates 


E(4>)  =  A  (4>)  -  A  f«|>  ±tt) 
net  net 


=  8R  «  n/2  j^jcos  (0+0^)  [l  +  —  -  o'')J  -  Q>p  sin  (0  +  0Q)  J  cos  4> 

+  |  sin  (0  +  0q)  [  1  -  —  (P2  -a2)  J  -  a  p  cos  (0  +  0q)  |  sin  4>  21j 

+  “  I T  (P^  -  a2)  cos  (0+0  )  +  a p  sin  (0+0  )  1  cos  3<(> 

5  y  c  o  o  ) 

+  y{^(P  -Q'^)sin(0  +  0o)-&p  cos  (0  +  0^)  J  sin  34>J 

finally,  substituting  for  a  and  p  and  collecting  on  terms  in  0 

=  t(r)  (r)  cos  <e0  -  3<w 

+  (cos  (®o  "*) "  2  (r)  »in  <V*’‘  IKr)  +(r)  ]c°Meo-3+))co»e 

2  2  2 

+  (- .in  <eo -4>>  +7  (£)  «»(•„+♦) -|-[(|7  -[{)  ]  sin  (eo  -  34.)  j  Sine 
+  (r)  (r  )COS  ,eo  +  «  c°8  «  -  (I)  (£) Bin  (e0  t «  sin  26  -  i  (|) 


COS 


(0  +4>)  cos  30  +  (~\  sin  (0  +<|>)  sin  34>  (10.  22) 

o  \R/  o 


This  expression  E  (<|>,  0)  relates  the  output  function  to  arbitrary  eccentric 
displacement  away  from  the  center  of  rotation  of  both  the  pattern  and  the 
pickoff. 


10.2.2.2  Computer-Aided  Eccentricity  Error  Analysis.  A  computer 
program  was  written  to  calculate  the  maximum  error  that  is  introduced  by 
a  combination  of  pattern  and  pickoff  eccentricities.  The  equation  of  the 
preceding  section  is  used  to  calculate  the  Fourier  coefficients,  and  these 
are  used  to  initialize  a  computer  routine  similar  to  DFCAP4  described  in 
section  VI.  The  program  is  designated  DOCAP,  and  operates  in  two  modes. 
In  the  first  mode,  the  normalized  eccentricities  of  interest  are  entered 
from  the  keyboard  of  a  remote  (control)  console  of  the  computer,  and  the 
program  searches  through  the  angular  relationships  to  find  the  maximum 
error  and  identify  its  position  parameters.  A  specimen  output  format  of 
this  program  is  shown  in  figure  44. 
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EXPECTED  ERROR  III  CAPACITIVE  RESOLVER  OUTPUT  DUE  TO  ECCENTRIC  TIES  E/R  AND  F/R 

ENTER  ECCENTRICITIES  IN  THE  FIELDS  INDICATED  (FRO I  THE  KEYBOARD  IN  FLOATING  POINT  REAL  NUMBERS) 


E/R 

F/R 

1 1  « 

ERROR  FCfi  MAX 
(ARCMI KITES) 

AT  AKGL1  OF 
THETA ( JFC ) 

COMPUTED  BIAS 
PSKPEG) 

PATTERN  BIAS 
THETA-O(PFG) 

PICKOFF  BIAS 
PHI (DEG) 

0  .  1 

17.2219 

345. 00C 

so.omi 

165.000 

75.000 

E/R 

F/R 

ERROR  FCN  MAX 

AT  ANGLE  OF 

COMPUTED  BIAS 

PATTERN  BIAS 

PICKOFF  BIAS 

• «  i 

<ARCMf MUTES) 

THETA(DLC) 

PSI (DEG) 

THETA-O(PEC) 

PHI (DEG ) 

0.0 

0.1 

11.4649 

90.000 

-44.  99995 

0.0 

45.000 

E/R 

F/R 

1 1 

ERROR  FCK  MAX 

AT  ANGIE  OF 

COMPUTED  BIAS 

PATTERN  BIAS 

PICKOFF  BIAS 

(ARCMINUTES) 

THETA ( DEC) 

PSI (DEG) 

THETA-O(DEC) 

PHI (DEG ) 

0.1 

0.1 

63.0355 

315. O0C 

134.90439 

135.090 

0.0 

Figure  44.  Specimen  of  Output  Format  of  Computer 
Progiam  DOCAP  (Manual  Mode) 


The  program  resets  after  each  computation  and  accepts  new  values  of 
eccentricities.  The  second  mode  of  operation  is  under  the  control  of  a 
preset  increment  for  both  normalized  eccentricities  and  the  output  format 
in  this  mode  is  an  array  of  values  of  expected  error  introduced  by  these 
incremental  values  of  eccentricity.  A  specimen  output  format  for  this 
program  mode  is  shown  in  figure  45. 

10.  2.  3  Error  Introduced  by  Angular  Misalignment  or  Tilt 

Error  is  introduced  into  the  output  signal  of  the  capacitive  resolver  when 
either  the  pattern  or  pickoff  surfaces  are  displaced  from  planes  parallel 
to  each  other  and  normal  to  the  axis  of  rotation. 

10.2.3.  1  Pattern  Tilt  Error  Model.  Consider  the  relationships  between 
the  three  element  pattern  and  the  pickoff  shown  in  figure  46.  The  pattern 
surface  is  shown  to  be  tilted  out  of  a  plane  normal  to  its  axis  of  rotation 
by  the  angle  or,  and  in  a  direction  p  from  the  zero  point  of  the  pattern 
generating  functions.  The  pattern  :s  displaced  from  an  arbitrary  pickoff 
reference  by  the  angle  6.  and  the  pattern  and  pickoff  surfaces  are  separated 
by  an  average  gap,  gQ.  The  net  signal  coupled  into  a  pickoff  quadrant  is 
proportional  to  the  net  area  of  pattern  spanned  by  the  pickoff  and  is 
inversely  proportional  to  the  gap. 
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EXPECTED  ERROR  IN  CAPACITIVE  RESOLVER  OUTPUT  DUE  TO  ECCENTRICITIES  E/R  ADD  F/R  (ERROR  III  ARCRINUTES) 


E/R 

0.0 

0.010 

0.020 

0,030 

0.040 

0.050 

0.060 

0.070 

O.OSO 

0.090 

0.100 

F/R 

0.0 

0.0 

0.16 

0.61 

1.35 

2.39 

3.73 

5.38 

7.32 

9.57 

12.12 

14.91 

0.010 

0.11 

0.60 

1.45 

2.60 

4.04 

5.78 

7.83 

10.16 

12.80 

15.74 

18.98 

0.020 

o.to 

1.15 

2.40 

3.95 

5.79 

7.94 

10.38 

13.13 

16.17 

19.51 

23.16 

0.030 

0.90 

1.60 

3.45 

5.40 

7.  65 

10.20 

13.04 

16.19 

19.63 

23.39 

27*44 

0.0*0 

1.60 

2.66 

4.60 

6.95 

9.60 

12.55 

15.80 

19.35 

23.20 

27.36 

31.81 

o.oso 

2.  *9 

3.78 

5.85 

8.60 

11.65 

15.00 

18.65 

22.61 

26.87 

31.42 

36.29 

0.060 

3.56 

5.10 

7.20 

10.35 

13.80 

17.55 

21.61 

25.96 

30.62 

35.59 

40.86 

0.070 

4.17 

6.62 

8,67 

12.21 

16.05 

20.20 

24.65 

29.42 

34.48 

3M5 

45.53 

o.oto 

6.36 

8.34 

10.63 

14.16 

18.41 

22.95 

27.8  0 

32.9/ 

38.43 

44.21 

50.29 

0.090 

6.05 

10.26 

12.77 

16.22 

2C.87 

25.80 

31.04 

36.61 

42.48 

48.66 

55.15 

0.100 

9.93 

12.37 

15.12 

18.37 

23.43 

28.77 

34.40 

40.34 

46.62 

53.21 

60.10 

Figure  45.  Specimen  of  Output  Format  of  Computer 
Program  DOCAP  (Incremental  Mode) 


The  gap  is  varied  with  pattern  rotation  and  with  radial  displacement  from 
the  center  of  rotation: 


g  =  gQ  -  p  sin  a  cos  (8  +  p  -  4>) 


(10.  23) 


where  is  the  angular  displacement  of  p  from  the  pickoff  reference.  The 
output  signal  then  is  proportional  to 


4>  +  tt/4  p2 


net 

8o 


I  I  b 

4>  -  tt/4  oi 


Pdp 


p  sin  a  cos  (8+  p 


4>  -  tt/4  pj 

for  small  a,  this  exact  function  is  approximated  by 

A  <|>  +  tt/4  p2 


-4>) 


d$ 


(10.  24) 


net 


S, 


f  /  P  |gQ  +  Pa  cos  (6  +  P  -  4>)J  dpd<J>  (10.  25) 

4>  -  tt/4  pj 


* 

I 

i 


i. 
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A  g  *  psino 


of  Pattern  Rotation 


Pickoff  (Fixed) 


Pattern  (Rotates) 


Direction 


of  Tilt 


Figure  46.  Pattern  Tilt  Geometry 


Integrating  over  p  and  taking  the  limits  of  the  pattern  generating  functions 
.  4>  +  */4 


net 

go 


=  gz/f  Z  *°  [<r 


2  2 

r  )  -  2  (r‘ 

l  k 


4>  -  w/4 


”?] 


+  ■jo-  cos  (e  +  p  -  4») 


[<rI-ri)-2(rk-rj)])d4' 


(10.26) 


Substituting  the  generating  functions,  integrating  over  <)>,  and  summing  the 
signals  from  opposite  plates. 
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~  (<j>)  =  —net  ($)  -  —net  (<j>±ir) 
go  go  go 


where: 


8R2e 


^sin  (0  -  <t>)  +"o«2  ( 


cos  p  sin  (6  -  4>) 


+  sin  (x  ^3  cos  (6  -  4>)  -  cos^  (0  -  $)  J  jJ 


<|>  +  ir/4 
<t>  -  if/ 4 


—  a  R  A<Z 
a  -  -  - 

gQ  g 

Evaluating  the  expression  for  a  general  case  4> 


(10.27) 


(10.28) 


go  8o 


^2  cos  (0  -  4>)  +  at  2  jcos  p  ^3  cos  (0  -  $)  -  cos  3  (0  -  $)J 


-  sin  p^9  ain  (0  -  $)  -  sin  3  (0  -  $)JJ 


(10.29) 


Assuming  that  the  cosine  plates  are  centered  on  the  pickoff  reference,  the 
two  output  signals  are  proportional  to: 


E  =  cos  0  + 
cos 


_L-  2  r 

12  a  *  L 


cos  p  (3  cos  0  -  cos  30) 


-  sin  p  (9  sin  0  -  sin  30)  J 

1  -  2  T  (10.30) 

E  .  =  sin  0  +  —  a  t  cos  p  (3  sin  0  +  sin  30) 

sin  12 

+  sin  p  (9  cos  0  +cos  30)J 

The  errors  are  seen  to  be  proportional  to  the  pattern  relative  tilt  (a)  and 
the  direction  of  the  tilt  from  pattern  zero  (p),  and  are  a  combination  of 
single  and  three -speed  terms  in  pattern  angle  of  rotation. 
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10.2.3.2  Pickoff  Tilt  Error  Model.  Consider  the  relationship  between  the 
three-element  pattern  and  the  pickoff  shown  in  figure  47.  The  pickoff  surface 
is  shown  to  be  rotated  out  of  a  plane  normal  to  the  pattern  axis  of  rotation 
by  the  angle  p,  in  a  direction  <r  from  the  arbitrary  pickoff  reference.  The 
zero  point  of  the  pattern  generating  function  is  displaced  from  the  pickoff 
reference  by  the  angle  0.  The  gap  between  pattern  and  pickoff  varies  with  1>, 
and  with  the  displacement  from  the  center  of  rotation; 

g  =  g  *  P  sin  0  c  jS  (<r  -  $)  (10.  31) 

o 

The  net  signal,  as  before  is 

.  $  +  ir/4  p,  r  .  n 

— net  =  f  f  [ -  .  P  P - - t  1  d4>  (10.32) 

gQ  /  J  (_gQ  -  P  sm  p  cos  (<r  -  4»)J 

£-tt/4  Pj 


and  for  small  p,  is  approximated  by 


A 


net 


g 


o 


p£  $  +  ir/4 


+  pp  cos  (<r  -  <►)  I  dp  d4> 


(10.  33) 


Proceeding  as  with  pattern  tilt,  the  net  summed  signal  is: 


JL  W)  .  !£.’ 

g  g 

Bo  Bo 


-  Jsin  (0-^)  +  ~P€^|  cos  (<r  -  6)  ^3  sin  (0  -  <l>)  -  sin  3  (0  -  <$»)J 

*  (10.34) 

+  sin  (<r  -  6)  f  9  cos  (0  -  $)  -  cos  3  (6  -  $)J  jJ 

Assuming  again  that  the  cosine  plates  are  centered  on  the  pickoff  reference, 
the  two  output  signals  are  proportional  to: 

“  P«  ^  j  cos  <r  (6  -  4  cos  20)  -  2  sin  <rsin  20*1 

1  -  2f  ](10*35) 

+  —  P  «  [sina(6  +  4  cos  20)  -  2  cos  <rcos20j 


E  =  cos  0  + 
cos 


E  .  =  sin  0 

sin 


The  errors  are  seen  to  be  proportional  to  the  pickoff  relative  tilt  (p  )  and 
the  direction  of  the  tilt  from  the  center  of  the  cosine  plates  (7),  and  are  a 
combination  of  zero-speed  and  two-speed  terms  in  pattern  angle  of 
rotation. 
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} 


i 

i 

* 


Figure  47.  Pickoff  Tilt  Geometry 


Direction  of 
Tilt 


■I-  Pickoff 
,  (Fixed) 

O 

T  Pattern 
(Rotates) 


Axil  oT  Pattern  Rotation 


10.  2.  3.  3  Combined  Tilt.  Combined  pattern  and  pickoff  tilt  is  simply  a 
linear  combination  of  the  two  tilts  taken  separately.  Consider  the  common 
reference  points  shown  in  figure  48.  The  gap  at  any  angular  displacement 
from  the  arbitrary  pickoff  reference  is: 

g  =  -  p  sin  a  cos  (0  +  p  -  <t>)  -  p  sin  P  cos  ( cr  -  4>)  (10.  36) 


and  for  small  a  and  P,  the  net  coupled  signal  is: 


_net 
g 


$  +  "/4  p2 


~‘f  f  P(go  +  P[ 

°  $-"/4  pl 


gQ  +  p  \  3  cos  (0  +  n  -  <j>)  +  p  cos  (cr  -  4>)  |dpd<t> 


]) 


(10.  37) 
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Figure  48.  Angular  Relationships  for  Combined 
Pattern  and  Pickoff  Tilt 


The  analysis  follows,  as  before,  and  the  two  output  signals  are  proportional 
to: 


E  =  cos 
cos 


$  +  ~a  £cos  p  (3  cos  0  -  cos  36)  -  sin  p  (9  sin  0  -  sin  30)J 


’] 


+  ~  P  «  ^  |cos  <r  (6  -  4  cos  26)  -  2  sin  <r  sin  20 

E  .  =  ain  0  +~q  [cos  p  (3  sin  0  +  sin  30)  sin  p  (9  cos  0  +  cos  30)1 
sin  lc  L  J 

+  “  p  £sin  <r  (6  +  4  cos  20)  -  2  cos  <r  sin  2@J 


(10.  38) 


10.  2.  3.  4  Computer-Aided  Tilt  Error  Analysis.  A  computer  program  was 
written  to  calculate  the  maximum  error  that  is  introduced  by  the  combination 
of  pattern  and  pickoff  tilt.  The  equations  of  the  previous  paragraph  are 
used  to  calculate  the  Fourier  coefficients,  and  these  are  used  to  initialize 
a  routine  similar  to  DFCAP4,  described  in  section  VI.  The  program, 
designated  DOTLT,  operates  in  two  modes.  In  the  first  mode,  the  relative 
tilts  of  interest  are  entered  from  the  keyboard  of  the  remote  (control) 
console  of  the  computer,  and  the  program  searches  through  the  angular 
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relationships  to  find  a  maximum  error  and  identify  its  position  parameters. 

A  specimen  output  format  of  this  program  is  shown  in  figure  49.  The  program 
resets  after  each  computation,  and  accepts  new  values  of  tilt. 


EXPECTED  ERROR  IN  OUTPUT  OF  CAPACITIVE  RESOIVFR  DUE  TO  RELATIVE  TILTS  OF  PATTERN  (ALPHA)  AND  PICKOFF  (BETA) 
ENTER  RELATIVE  TILT',  ALPHA  AND  BETA  IN  FIELDS  INDICATED  (FROH  KEYBOARO  IN  FLOAT!  NO  PC  I  NT  REAL  NUMBERS) 


ALPHA 

BETA 

MAXIMUM  ERROR 

AT  ANGLE  OF 

01  RECTI 07!  OF 

TILTS  CAUSING  MAX  ERROR(DEGREES) 

i 

_  0.1 

•  i 

•  (ARC  MINUTES) 

THETA  (DEC) 

FROM  PATTERN 

ZERO  (MU)  FROM  CCSIHE  PLATE  (SIGMA) 

0.93M. 

330.0 

30.0 

0.0 

ALPHA 

BETA 

MAXIMUM  ERROR 

AT  ANGLE  OF 

0IRECTI0I.  OF 

TILTS  CAUSING  MAX  ERROR(DEGREES) 

i 

i  i 

'  (ARC  MINUTES) 

THETA  (DEC) 

FROM  PATTERN 

ZERO  (MU)  FROM  COSINE  PLATE  (SIGMA) 

_  0.0 

0.1 

9.2IA7 

90. C 

0.0 

0.0 

ALPHA 

BETA 

MAXIMUM  ERROR 

AT  ANCLE  OF 

DIRECTION  QF 

TUTS  CAUSING  MAX  |RR0R( DfGREES ) 

i 

i  i 

'  (ARC  MINUTES) 

THETA  (DEC) 

FROM  PATTERN 

ZERO  (MU)  FROM  COSINE  PLATE  (SICMA) 

_  0.1 

0.1 

10.2100 

0.0 

90.0 

90.0 

Figure  49.  Specimen  Output  Format  for  Computer 
DOTLT  (Manual  Mode) 


The  second  mode  of  operation  is  under  the  control  of  a  preset  increment 
for  both  relative  tilts,  and  the  output  format  is  an  array  of  values  of 
expected  error  introduced  by  these  incremental  values  of  tilt.  A  specimen 
output  format  for  this  program  mode  is  shown  in  figure  50. 

10.  2.  3.  5  Special  Case  of  Pattern  Tilt  Error  in  a  Single  Pickoff  Quadrant. 
The  error  introduced  into  the  net  coupled  signal  of  a  single  pickoff  quadrant, 
due  to  pattern  tilt,  is  included  here  because  it  is  the  basis  for  the  "least 
squares"  calculation  to  separate  tilt  error  in  the  data  reduction  computer 
program  DFCAP4.  The  analysis  follows  the  scheme  of  the  pattern  tilt 
calculation  in  paragraph  10.  2.  3.  1,  departing  at  the  point  where  opposite 
plate  signals  are  summed.  In  the  special  case  calculation,  both  even  and 
odd  terms  are  retained  and  the  resulting  output  signal  is  proportional  to: 

1  _f  f  3  t r\f2  _  2,  „  2 

E  =  cos  0  +  a  1  cos  u.  I  — ~ —  (4  +  5  «  )  +  3  e  cos  0 
cos  12  l  L  8 

+  2  (3  +  4«^)  cos  2  0  ■  (^  cos  3© J  -  sin  |i  ^9  sin  0  (10.  39) 

sfz  2  2  1  ) 

+  ~  (6  +  7  e  )  sin  20  -  «  sin  30J  j 
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EXPECTED  ERROR  IN  OUTPUT  OF  CAPACITIVE  RESOLVER  DUE  TO  RELATIVE  TILTS  OF  PATTERN  (ALPHA)  AND  PICKOFF  (BETA) 


ALPHA 

0.0 

0.020 

0. 0!0 

0.060 

0.080 

0.100 

0.120 

0  •  1!0 

0.160 

0.180 

0.200 

•ETA 

0.0 

0.0 

0.10 

0.31 

0.56 

0.75 

0.93 

1.12 

1.30 

l.!9 

1.61 

1.16 

0.020 

1.1! 

2.0! 

2,23 

2  .!1 

2.60 

2.78 

2.97 

3.16 

3.3! 

3.53 

3.71 

o.oto 

5.72 

3.10 

!.  01 

!.27 

!.!6 

!  •  6! 

! .  >3 

5.01 

5.20 

5.31 

5.57 

0.010 

5.57 

5.75 

s.« 

f.T3 

1.7T 

6.50 

i.n 

6.17 

7.05 

7.2! 

7,!3 

o.oto 

7.!3 

7.61 

7.10 

7.91 

1. 17 

>.35 

1.5! 
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Figure  50.  Specimen  of  Output  Format  for  Computer 
Program  DOTLT  (Incremental  Mode) 


A  comparison  of  this  output  function  and  the  one  of  paragraph  10.  2.  3.  1 
provides  a  basis  for  establishing  the  criteria  for  gain  matching  in  the  signal 
processing  electronics. 

10.  3  ELECTRICAL  ERROR  ANALYSIS 


10.  3.  1  Electronic  Errors 

Electronic  errors  may  be  introduced  by  rewriting  the  general  expression 
for  error,  equation  (10.  1) 


where  k 
factors. 


6 

e 


6.  -  a  retail  (  K 

in  ' 


sin  8 
cos  6 


=  and  noting  that  the  factor  k  contains  the  electronic  gain 
It  may  be  written  as: 


K 


a 


b 


(10.40) 
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where  the  Gp  terms  are  the  gains  of  the  preamplifier  stages  and  the  Gg 
terms,  the  gains  of  the  subtractor  stages  for  the  corresponding  inputs. 

(It  is  assumed  here  that  pickoff  plates  1  and  3  are  sine;  2  and  4  are  cosine.  ) 
The  input  capacity  coupling  terms  here  are  all  considered  unity,  as  their 
variation  would  be  a  geometric  effect  considered  under  the  mechanical  error 
analysis. 

It  is  also  assumed  now  that  in  practical  use  of  this  device  the  factor  k  would 
be  set  to  unity  by  an  adjustment  in  some  exterior  signal  processing  elec¬ 
tronics,  and  hence  the  problem  may  be  stated:  What  would  be  the  deviations 
in  k  as  a  result  of  non-perfect  electronics? 

Note  first  that  k  is  a  ratio,  and  hence  more  concern  is  with  keeping  the  ratio 
constant  rather  than  in  the  absolu'  variation  of  its  components.  The  sine 
and  cosine  amplifier  sets  are  identical  and,  therefore,  the  tracking  between 
the  amplifier  sets  is  of  concern.  From  paragraph  10.  2.  1,  it  is  noted  that 
an  error  of  5  arc  minutes  is  produced  by  a  change  in  k  of  0.  3  percent. 

10.3.2  Finite  Amplifier  Gain 

The  effects  of  gain  changes  are  first  observed  in  the  operational  amplifiers. 
The  relative  gain  changes  AG/G  in  an  inverting  operational  amplifier  con¬ 
figuration  are  given  by: 


AG  _  AA  _1 _ 

G  =  A  .  +  AP 


(10.41) 


where  AA/A  is  the  relative  gain  change  of  the*  operational  amplifiers.  For 
the  input  stage  employed  here: 


AP 


5  s  +  1 
s  (11s  +  1) 


from  which 


1  _  _ lh2  +g _ 

1  +  Ap  "  11  s2  +  6  s  +  1 

and  evaluation  at  100  Khz  gives: 


1 

1  +  AP 


0.046 


showing  that  the  effects  of  operational  amplifier  gain  change  are  reduced  by 
a  factor  of  20. 


The  LM101  data  sheet  shows  that  the  chief  contributor  to  gain  change  is 
temperature;  a  change  from  25°C  to  125°C  decreases  the  gain  by  about 
9  db.  If  this  change  in  gain  is  assumed  to  be  linear  with  temperature,  it  is 
a  change  of  -2.8%  per  °C,  and  gives  an  input  stage  AG/G  of  -0.  13%  per  °C. 
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I 


\ 


k 


A  similar  evaluation  for  the  subtractor  stage,  using  A0  =  1/2S  gives  a 
value  for  the  gain  reduction  factor  of  0.  124  and  a  resultant  temperature 
.  coefficient  of  -0.  35%  per  °C. 

It  is  reasonable  to  assume  that  the  trackability  of  these  coefficients  is  at 
least  an  order  of  magnitude  better  than  this.  The  usual  environment  for 
resolvers  in  gyro  guidance  systems  is  temperature  controlled  to  better  than 
a  few  degrees,  and  thus  the  change  in  k  from  this  temperature  coefficient 
should  be  on  the  order  of  0.  1  percent. 

The  dependence  of  the  LM101  gain  upon  its  power  supply  voltage  is  about  4% 
per  volt.  However,  power  supply  voltage  regulation  to  better  than  0.  1%  is 
common.  Such  regulation  would  reduce  the  gain  uncertainties  to  0.  06%  or 
less,  and  this  effect  can  be  ignored. 

10.3.3  Passive  Component  Tolerances 

The  main  concern  here  is  the  thin  film  resistor  network  used  in  the  subtrac¬ 
tor  stage  of  the  operational  amplifiers.  Here  again,  concern  is  with  track- 
ability,  and  Litton' s  experience  with  this  type  of  network  shows  that  the 
percentage  difference  of  temperature  coefficient  from  one  resistor  to  another 
on  the  same  substrate  less  than  5  ppm.  In  addition,  extensive  aging  experi¬ 
ments  indicate  that  drift  in  the  ratio  of  resistors  on  a  substrate  is  less  than 
0.  1%  per  thousand  hours  at  ambient  temperatures  up  to  and  including  125°C. 

The  capacitors  used  in  the  electronics  package  are  for  operational  amplifier 
frequency  compensation  and  for  high-frequency  roll-off,  and  thus  their 
variations  would  introduce  second  or  higher  order  effects,  and  are  not 
treated  here. 


10.3.4  Stray  Capacitance  Effects 

It  has  previously  been  asserted  that  the  operational  amplifier  approach  to 
the  input  stage  reduces  the  effects  of  stray  capacitance  considerably.  To 
evaluate  these  effects,  the  transfer  function  for  the  input  stage  is  rewritten, 
keeping  explicit  the  term  including  the  stray  capacitance,  C3  (see  figure  25): 


P  (s) 


SRC  +  1 
_ £• 

SR  (Cj  +  C2  +  C3)  +  1 


5S  +  1 

9  s  +  RC3  S  +  1 


4S 


Z.  5S  +  1 
1 


f  1 

G<’>  ■  '  T-  ~  1 


4S 


i  l  +  —  9  S2  +  RC  S2  +  6  S  +  1 

A  p  ^ 
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Let  S  =  jw 


G(ju>)  =  - 


J4oj 


(1  -  gw2  -  w^RCj)  +  j6w 


At  100  Khz,  w=  0.0628,  w  =  0.00393,  and 


G  100  Khz  r. 


0.  255 


1.07  -  0.004  RC3  +  0  (RC3)2J1/2 


The  scaled  numerical  value  of  RC3  is  about  2;  hence,  the  squared  term  is 
disregarded  and  the  denominator  is  expanded  in  a  power  series  in  RC3  to 
obtain 

|g|  100  Khz  =  0.  245  [  1  +  0.  002  RC3  +.  .  . 

or  a  fractional  change  in  the  stray  capacitance  will  effect  the  gain  by  only 
1/500  as  much  as  the  capacitance  change. 


10.3.5  Parametric  Errors 

It  should  be  noted  here  that  this  analytical  study  of  the  electronics  has  been 
the  development  of  a  conventional  circuit  transfer  function.  The  inde¬ 
pendent  variable  is  an  input  voltage.  It  is  desired  to  find  the  output  voltage 
in  terms  of  various  active  and  passive  circuit  elements.  The  theory  assumes 
that  all  the  passive  elements  are  lumped,  linear,  constant,  and  bilateral, 
and  that  the  output  voltage  is  a  linear  function  of  the  input  voltage,  related 
by  the  transfer  function.  The  actual  circuitry,  however,  does  not  quite 
satisfy  these  conditions.  The  true  input  voltage  to  the  pattern  plates  is 
constant  and  the  signal  is  varied  by  varying  a  capacitance.  It  is  reasonable 
to  inquire  now  as  to  the  effect  of  this  distinction  on  the  results.  One  of  the 
circuit  parameters  is  being  varied,  and  this  may  be  regarded  as  a  "para¬ 
metric"  effect. 


A  convenient  way  of  handling  this  is  to  rewrite  the  transfer  function  of  the 
input  stage,  and  keep  the  dependence  upon  this  capacity  explicit: 


A  (s)  =i 
s 


0(8) 


z 


f 


z. 

1 


5S  +  1 
SRCt  +  1 

SRC 

_ t_ 

5  S  +  1 


RCt  =  RCj  +  7 


jmax 


=  4 
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SRC, 


G  (s) 


S  RCt  +  6S  +  1 


Let  8  =  jw 
G  (jw) 


jwRC 


1 


2  2 

1  -  7w  -  w  RC j  +  j6w 


At  ICO  Khz,  w=  0.0628,  =  0.00393 


0.  0628  RC 


G  100  Khz  = 


1 


1.04  [l  -  0.007  RCj  +  (14.3)10 


IF^7i1/2 


=  0.  0603  RC 


-6  2 

0.007  RCj  -  14.  3.  10  x 


+. . . 


] 


=  0.  0603  [rCj  +  0.  0035  (RCj)2  +  . .  .J 

from  which  it  is  observed  that  there  is  a  second  order  effect  in  the  gain  ex¬ 
pression.  The  worst  case  is  for  RCj  at  its  maximum  of  about  4,  when  there 
would  be  a  1.  4  percent  contribution  to  gai  from  the  second  order  term. 

In  practice,  Cj  is  the  total  capacitance  between  a  pickoff  quadrant  and  the 
elements  of  the  pattern  plate,  and  would,  therefore,  be  a  constant  if  there 
were  no  mechanical  misalignment  of  the  electrode  system.  Such  misalign¬ 
ments  would  introduce  first  order  changes  in  the  capacitance  itself,  and 
these  variations  (treated  under  mechanical  error)  would  overshadow  any 
parametric  effects,  which  can  be  considered  second  or  higher  order  and 
may,  therefore,  be  neglected. 

10.4  SUMMARY  OF  ERRORS 

The  ideal  resolver  system  studied  here  would  deliver  as  its  electrical  output 
sine  and  cosine  functions  in  the  form  of  pure  sinusoids  of  known  amplitude  and 
phase  angle.  The  errors  discussed  here  modify  these  output  functions  in 
various  ways.  In  general,  it  can  be  said  that  errors  distort  the  output  func¬ 
tion  by  introducing  a  d-c  component  and  harmonic  terms,  both  at  the 
fundamental  (or  first  speed)  rotational  rate  of  the  resolver  and  at  various 
harmonics  of  the  fundamental  rate.  Each  d  stortion  term  will  have  its  own 
amplitude  and  phase  angle,  related  to  the  relative  orientation  of  the  various 
error  sources.  It  is  possible  to  write  out  a  complete  expression  for  the  sum 
of  all  the  error  terms  considered  above,  but  this  would  be  extremely  involved 
and  v  ould  serve  no  useful  purpose. 
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The  next  logical  step  is  to  compute  the  error  for  known  perturbations  of 
the  system.  Can  one  now  go  backward  and  determine  the  perturbations  which 
give  rise  to  an  observed  error?  At  this  time,  the  answer  appears  to  be 
that  this  cannot  be  done.  There  are  about  a  dozen  variables  used  in  the 
different  error  analyses,  and  it  is  logical  that  any  particular  observed 
harmonic  set  could  be  the  result  of  an  essentially  infinite  combination  of 
different  error  terms.  The  measurement  system  used  here  is  quite  suited 
to  giving  the  amplitude  2nd  phase  of  the  various  harmonic  terms,  but  it  can¬ 
not  explicitly  determine  their  origin.  To  do  this  would  require  additional 
information  not  now  available.  A  possible  solution  would  be  to  modify  the 
patterns  so  that  their  different  interconnections  could  be  used  to  obtain 
additional  error  data.  Such  work  is,  however,  beyond  the  scope  of  this 
contract. 

Litton's  results  with  the  1.  5  and  0.9-inch  diameter  patterns  have  indicated 
that  the  practical  resolution  limit  of  the  test  equipment,  both  electrical  and 
mechanical,  has  been  reached. 

The  residual  errors  all  appear  to  be  about  the  same  magnitude,  and  sum  to 
the  order  of  6  to  10  arc  minutes  under  best  conditions.  The  fixture  is  not 
capable  of  much  finer  alignment  and,  indeed,  already  gives  trouble  in 
setting  up  the  engineering  models  for  tests.  Electronic  resolution  in  the 
simple  oscilloscope  methods  is  limited  by  signal-to-noisc  considerations. 

Any  improvement  would  require  a  change  of  method;  for  example,  to  a  null- 
balance  a-c  phase  detector  system. 

This  problem  exists  simply  because  the  resolver  performance  has  been  much 
better  than  expected,  and  the  original  design  of  the  test  equipment  and 
fixtures  was,  of  course,  accomplished  before  this  performance  could  be 
evaluated. 


SECTION  XI 


CONCLUSIONS 


11.1  GENERAL 

A  miniature  capacitive  resolver  has  been  built  which  satisfies  the  design 
goals  of  this  program.  The  size  is  that  specified:  0.  9  inches  in  diameter 
and  0.  13  inches  in  length,  while  the  weight  of  4.  7  grams  is  considerably  less 
than  the  two  ounces  (56.  7  gm)  required.  The  device  is  illustrated  in  fig¬ 
ure  51  (approximately  actual  size).  The  accuracy  is  also  that  of  the  design 
goal:  the  worst-case  error  is  10  arc  minutes  in  a  full  3608  rotation. 


Figure  51.  Engineering  Model  of  Miniature  Capacitive  Resolver 
(Shown  with  8  Auxiliary  Leads  on  Pickoff  ElectronicJ  and  2  Auxiliary 

Leads  on  Pattern) 

The  working  elements  have  been  fabricated  by  the  batch  technique  that  is 
typical  of  processing  used  in  the  semiconductor  industry.  The  critical 
operations  of  capacitive  electrode  design  and  generation  are  performed  only 
once;  the  resulting  artwork  is  reduced  in  size  and  used  in  photo-etching 
techniques  to  generate  any  desired  number  of  duplicate  devices,  all  posses¬ 
sing  the  precision  of  the  original  design. 

A  versatile  analytical  technique  which  closely  combines  both  experimental 
measurements  and  theoretical  models  has  been  developed.  It  is  based  on 
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the  description  of  the  output  of  the  resolver  in  terms  of  sets  of  Fourier 
coefficients  of  the  functions  of  device  angular  rotation  and  can  be  used  both 
to  process  experimental  data  and  to  predict  the  effect  of  many  possible 
geometric  contributions  to  device  error.  Computer  programs  have  been 
developed  to  enable  these  effects  to  be  studied  over  a  wide  range  of  parameter 
variation,  both  singly  and  in  combinations. 

The  current  limitation  of  the  performance  of  this  first  generation  device  has 
been  found  to  be  in  the  test  equipment,  and  not  in  the  device  itself.  An 
intrinsic  precision  of  better  than  5  arc  minutes  will  be  masked  by  test  fix¬ 
ture  alignment  problems  and  electrical  measuring  instrument  limitations  at 
100  Khz.  Within  these  limits,  however,  a  number  of  options  are  available. 

It  should  be  possible  to  reduce  the  diameter  of  the  device,  perhaps  by  as 
much  as  a  third,  and  still  retain  accuracy  in  the  10  arc  minute  range.  An 
increase  in  the  diameter  would  allow  the  addition  of  more  capacitive  elements, 
allowing  a  full  coordinate  transformation  to  be  mechanized.  The  current 
hybrid  microcircuit  signal  processing  electronics  could  be  replaced  with  a 
single  monolithic  chip,  with  possible  improved  performance  and  a  greater 
reliability.  It  is  possible  to  include  more  processing  in  the  electronics 
package;  for  example,  an  integral  phase  detector  to  obtain  angular  position 
directly  as  a  d-c  voltage. 

The  ultimate  accuracy  of  a  capacitive  resolver  has  certainly  not  yet  been 
reached.  Some  factors  limiting  the  performance  of  the  device  would  be  the 
effect  of  fringing  fields  at  the  edges  of  the  capacitive  elements  and  the  flatness 
of  the  capacitive  plates.  The  former  effect  would  be  overcome  in  part  by 
correction  of  the  pattern  shapes  for  fringing  effects.  The  latter  problem  is 
a  typical  one  of  cost-vs -performance  trade-offs  in  the  specifications  of 
materials  and  processes. 

The  capacitive  resolver  is  clearly  worthy  of  consideration  as  an  element 
in  future  guidance  and  control  systems. 


APPENDIX 


This  appendix  contains  summaries  of  test  data  reduction  for  elements  of  the 
miniature  capacitive  resolver.  These  summaries  are  presented  in  the 
order  listed  in  the  tabulated  results  throughout  the  text  of  the  report 
(23  pages). 
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— CAPACITIVE  RESOLVER  DAT/  REDUCTION 


RUf:  NUMBER 

TYPE 

ANORM 

ENORM 

IFR 

M 

CODE 

1B128  0G2768 

1.5  STD 

1 , 103E-03 

4.36GE-C4 

5 

5 

12281 

1B228  062708 

1.5  STD 

1.060E-03 

4..593T-JU _ 

_ & 

_5 _ 

_ 12181 

1B328  062758 

1.5  STD 

1 . 357E-03 

5 . 21GE-Q4 

5 

5 

12283 

1B428  0G27C8 

1.5  STD 

1.073E-03 

4 . 545E-04 

5 

5 

12284 

FOURIER 

COEFFICIENTS 

FROM  COMPUTER 

PROGRAM  DFFOUR- 

--NORMALIZED 

PLATE  1  PLATE  2  PLATE  3  PLATE  4 


AOO 

BOO 

A  ( K ) 

BOO 

AOO 

BOO 

AOO 

BOO 

0.003195 

0.0 

-0 . 01 2m  25 

O.C 

-C.C04724 

O.C 

0.006740 

0.0 

0.477618 

0.878568 

0.E792G0 

-0.47G342 

-C.5C2370 

-0.G64C53 

-0 . 8  8  2016 

0.471220 

0.010262 

0.000642 

-0.002348 

0.004398 

0.00G704 

0.007218 

0.004611 

-0.012570 

0.001782 

0. 000090 

0.001036 

-0.001049 

0. 0C1561 

-r.noo355 

-0.0008S9 

0.001870 

0.000228 

-0.000040 

0.000157 

-O.COC078 

0.000108 

-O.OCOC27 

-0.000014 

0.000202 

ANGULAR  BIAS  BETWEEN  PATTERN  ZFRO  AND  TURNTAPLE  ZERO 
-61.47  DEGREES  -61.55  DECRFES  -59.84  DEGREES  -61,89  DEGREES 


--OPPOSITE  PLATE  SUNNA T I  ON  WITHOUT  TILT  GORREGT I ON* 


HEAN  BIAS  ANGLE  -  -61.19  DECRFES,  DIFFERENCE  IN  ANCLES  -  5.316E-01  DECREES,  JFft  -  5 


FOURIER  COEFFICIENTS  ROTATED  BY  BIAS  ANCLE 


COSINE  PLATES 
A 1 3 ( K  )  B13(K) 


SINT  PLATES 
A  2  M  K )  B2MK) 


0.001529 
1.999711 
0.003531 
0.P033C9 
0. 000155 


O.C 

-0 . Cl  85  5  3 
0.017851 
-0.000651 
-0 .000299 


0.0191C5 

-0.U1856C 

-0.0U05C 

0.001709 

-0.000181 


0.0 

1.999904 

0.003208 

-0.003032 

-0.000274 


EPROR  RESIDUE-ERROR  FUNCTION  F.ELATIVF  TO  PATTFRN  ZERO 
MAXIMUM  OF  ERROR  FLNCTICN  -  35.11  APT  MINUTFS  AT  80,00  DECRFES 

EPROR  FUNCTION  COEFFICIENTS 

K  AER(K)  BER(K)  (IN  RADIANS) 

1  -o.ocoon  r.r 

2  0.0C062C  0. 000843 

3  -0.CC8GE5  0.0C0U1 

4  -O.CCOOOC  -O.OUU22 

5  0.0CC2C5  -C.001G2P 
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—CAPACITIVE  RESOLVER 

OATA  REDUCTION— 

RUN  NUMBER 

TYPE 

ANORM 

ENORM 

IER 

M  CODE 

1B119  070361 

1.5  STD 

1 . 695E-03 

7.6 19E-06 

5 

5  12191 

1B219  070364 

1.6  STO 

2,3071-08 

8,9376-04 

6 

3  12192 

16319  070368 

1,5  STO 

1 . 873E-03 

9.217E-06 

5 

5  12143 

1B619  070368 

1.5  STO 

1. 560E-03 

6. 717E-06 

5 

5  12196 

FOURIER  COEFFICIENTS  FROM  COMPUTER 

PROGRAM  DFFOUR— -NORMALIZED 

KATE  1 

PiATi  2 

PLATE 

3 

PLATE 

6 

A(K)  BOO 

A(K) 

BOO 

A(K) 

B(K> 

A(K) 

BOO 

0.003293  0.0 

-0.012529 

0.0 

-0.002007 

0.0 

0.016767 

0.0 

0.652721  0.891653 

0.191186 

-0.653665 

-0.665839  - 

0.895116 

-0.896255 

0.663539 

0.016779  -0.000661 

-o.oosm 

0,006066 

0.009672 

0,010106 

0,007272  - 

0.016936 

0.001659  0.000262 

0.001335 

-0.000689 

0.001666  - 

0.000905 

-0.000883 

0.001996 

0.000160  -0.000132 

0.000109 

0.000073 

0.000151 

0.000138 

0.000193 

0.000016 

ANGULAR  BIAS 

BETWEEN  PATTERN 

ZERO  AND  TURNTABLE  ZERO 

-63,04  DEGREES 

-83XQ2  DEGREES  _ 

-  -65,51 

DECREES-  - 

-63.67 

OEGREES 

—OPPOSITE  PLATE  SUMMATION  WITHOUT  TILT  CORRECTION- 


MEAN  BIAS  ANGLE  ■  -63.32  DEGREES,  DIFFERENCE  IN  ANGLES  -  2.196E-02  DEGREES,  JER  -  S 


FOURIER  COEFFICIENTS  ROTATED  BY  BIAS  ANGLE 


rnt  i  tit  pi  tree 

▼RPV  Iff!  1  |M  I 


K  A 1 3 ( K )  B13CK) 


A  2  6 ( K )  62600 


1  O.OOS299 

2  1.9999li> 

3  0,0061X5 

6  0.002179 

S  0.000362 


0.0 

-0.000763 

0,025920 

-0.001671 

-0.000201 


0.027276 

-0.000768 

-0,026199 

0.001756 

0.000031 


0.0 

1.999968 

0,404796 

0.002832 

0.000097 


ERROR  RESIDUE— ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  -  8.83  ARC  MINUTES  AT  360.00  DEGREES 

ERROR  FUNCTION  COEFFICIENTS 


K  AER(K)  BER(K)  (IN  RADIANS) 


1 

3 

6 

5 


-0.000005 

0.000606 

0.000675 

0.000007 

0.000019 


0.0 

0,000066 

0.000001 

-C.00C221 

-0.001627 
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I 

\ 

f 


— CAPACITIVE  RESOLVER  DATA  REDUCTION— 


RUN  NUMBER  TYPE  ANORM  ENORM  IER  M  CODE 

16136  070868  1.5  STD  6.976E-06  3.320E-06  5  5  12361 
1*334  070144  1.5  410  4.I56E-06  2.56SE-J>5  5  5  12362 
1B336  070968  1.5  STD  7.636E-06  3.058E-06  5  5  12363 
16836  070968  1.5  STD  1.007E-03  6.683E-06  5  5  12366 


FOURIER  COEFFICIENTS  FROM  COMPUTER  PROGRAM  DFFOUR— NORMAL  I  ZED 
PLATE  1  PLATE  2  , _ -PLATE:  4 _  PLATE  6 


K 

A(IC) 

B(K) 

A(K) 

BOO 

A(IC) 

B(K) 

A(K) 

B(K) 

1 

-0.007306 

0.0 

-0.012079 

0.0 

-0.006871 

0.0 

0.000750 

0.0 

2 

0.659771 

0.888037 

0.887979 

-0.659885 

-0.655356 

-0.890311 

-0.890633 

0.655115 

3 

-G. 007779 

0.00142k- 

-0.000995 

0.001546 

0. Of 3570 

0.006175 

0.004420 

-0.009954 

6 

-0.001310 

0.000152 

0.000830 

-0,001069 

0.001179 

-0.000313 

-0.000529 

0.001133 

5 

0.000156 

-0.000161 

-0.000061 

-0.000132 

0.000113 

0.000079 

0.000311 

-0.000130 

ANGULAR  BIAS  BETWEEN  PATTERN  ZERO  AND  TURNTABLE  ZERO 
-42.63  DEGREES  *42.62  DEGREES  —  -62.21  DEGREES  -42.03  DECREES 


—OPPOSITE  PLATE  SUMMATION  WITHOUT  TILT  CORRECTION- 


MEAN  BIAS  ANGLt  -  -62.77  DEGREES.  DIFFERENCE  IN  ANGLES  -  1.996E-03  DEGREES.  JER  •  5 


FOURIER  COEFFICIENTS  ROTATED  BY  BIAS  ANGLE 

K  A13U)  B13(K)  A26(K)  B26UO 

1  -0.000633  0.0  0.012830  0.0 

2  1.999991  -0.000068  -0.000072  1.999991 

3  0.002737  0.012006  -0.022505  0.002270 

6  0.002395  -0.000820  0.001030  -0.002356 

5  0.000196  0.000112  -0.000123  0.000351 

ERROR  RESIDUE  — ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  -  9.06  ARC  MINUTES  AT  290.00  DEGREES 

t  _ _ _ „ _ _ _ 

ERROR  FUNCTION  COEFFICIENTS 

K  AER(K)  BER(K)  (IN  RADIANS) 

1  -0.000011  0.0 

_ _ 2  0.000216  0.001676 

3  0.000636  0.000007 

,  6  -0.000177  0.000021 

9  5  0.000052  -0.001186 
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CAPACITIVE  RESOLVER  DATA  REDUCTION 


RUN  NUMBER 

TYPE 

ANORM 

EtIORM 

IER 

M 

CODE 

1B136  0716CI 

QT 

1.5  STD 

1 , 056E-03 

A.131E-0A 

6 

5 

12361 

1B236  071668 

QT 

1.5  STD 

9. 797E-0A 

3. 9A7E-0A 

5 

5 

12362 

16336  0716CI 

1.5  STD 

1.061E-C3 

3.6  9U-0A 

6 

5 

12363 

1BA36  071668 

1.5  STD 

8.07AE-0A 

3.217E-P* 

5 

5 

1236A 

FOURIER 

COEFFICIENTS  FROM  COMPUTER 

PROGRAM  DEFCUR---NORMA  L 1  ZED 

PLATE  1 

PLATE  2 

PLATE  3 

PLATE  A 

K 

A(K) 

BU) 

A(  K) 

B(K) 

A(K) 

B(  K) 

A(K)  BU) 

1 

-0. 0091  AS 

0,0 

-0.013239 

0.0 

-0.008230 

0.0 

-0 

.  O018A2  0.0 

2 

O.A83263 

0.875A75 

0. £19313 

-0.A5730C 

-0,  A31117 

-0.902296 

-0 

.  I89A35  0.A57063 

3 

•0.006926 

0,00297*. 

0 , 000 A A  0 

0.000337 

0.001A28 

0.005A6A 

0 

.  003A58  -0.007779 

A 

•0.000C30 

0.000039 

0.000713 

-0  .F00778 

o.oouti  - 

07000006 

-0 

.  000196  0.000330 

5 

-0.000055 

-0.000512 

0.000136 

0.00C117 

0.000190 

-0.000179 

0 

.000025  -0.000139 

ANGULAR  BIAS 

BETWEEN  PATTER! 

ZERO  AND  TURNTABLE  ZERO 

-61.10 

DECREES 

-62.79 

DEGREES 

-6A.A6 

DECREES 

-62.80  DEGREES 

---OPPOSITE  PLATE  SUMMATION  I*  I  THOUT  TILT  CORRECTION-  — 


MEAN  HAS  ANCir  -  -GT .TIT) terns,  TJTTmt^Ct  It;  ANGUS  -  G.Gl?t-03  DEG^FTS,  JFR  -  5 


FOURIER  COEFFICIENTS  ROTATFP  BY  BIAS  ANCLF 


COSINE  PLATES 
K  A13(K)  R13<IC> 


S I  ft  PLATES 
A2MIO  B2-<  (K ) 


1  -0.0009X5 

2  1 . 999110 

3  0.Q02835 

A  0.001879 

5  0.000391. 


0.0 

-0.0CC229 

O.QOI2V3 
-0 . 000218 
-0.000121. 


0.011397 

-0.000233 

0.008357 

C.PCC888 

0.000277 


0.0 

1.999998 

0,002207 

0,000695 

0.000023 


ERROR  RESIDUE-— ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  -  10. 7A  ARC  MINUTES  AT  65.00  DEGREES 

ERROR  FUNCTION  COFFf I  Cl  ENTS 


K  AER(K) 


BfR(K)  (IN  RADIANS) 


1  -0.000011  0.0 

2  0.0015^,7  0.0C1735 

3  0. COO  1  GO  0,000503 

8  0.0C0C76  -0.00001.8 


5  0.000167  -0.CC0GL3 


i 

I 


l 


l 
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—CAPACITIVE  RESOLVE*  DATA  REDUCTION— 


RUN  1 

NUMBER 

TYPE 

A  NORM 

ENORM 

IER 

M 

COOE 

1B160 

071768 

POT 

1.5  STD 

8.670E-06 

3 . 165E-06 

5 

5 

12601 

18260 

071768 

PQT 

1.5  r7D 

7.378E-06 

2.935E-06 

5 

5 

12602 

1B360 

071768 

PQT 

1.5  STD 

8 , 662E-06 

3.  OOOE-06 

5 

5 

12603 

1B660 

071768 

PQT 

1.5  STD 

1 . 026E-03 

3.630E-06 

5 

5 

12606 

FOURIER 

COEFFICIENTS  FROM  COMPUTER 

PROGRAM  DFFOUR  — 

-normalized 

PLATE  1 

PLATE  2 

PLATE  3 

PLATE  6 

X 

A(K) 

B(K) 

A(X) 

B(X) 

A(K) 

800 

ACK) 

B(K) 

1 

-0.066321 

0.0 

-0.056680 

0.0 

-0.065028 

0.0 

-0.036686 

0.0 

2 

0.686283 

0.873801 

0.885580 

-0.666687 

-0.637068 

-0.899629 

-0.888359 

0.659150 

3 

-0.022986 

-0.030668 

0.016928 

0.061165 

-0,005238 

-0.032131 

0.013322 

0.023167 

6 

0.000255 

0.000196 

•0.000661 

0.000109 

0.000880 

-0.000791 

-0.000635 

0.000361 

5 

0.000156 

0.000150 

0.000378 

0.000266 

0.000026 

-0.000098 

-0.000166 

-0.000070 

ANGULAR  BIAS 

BETWEEN  PATTERN 

2ERO  AND  TURNTABLE  ZERO 

-60.90 

DEGREES 

-62.32 

DEGREES 

-66.08 

DEGREES 

-62. 

67  DEGREES 

---OPPOSITE  PLATE  SUMMATION  WITHOUT  TUT  CORRECT  ION - 

MEAN  BIAS  ANGLE  •  -62. 69  DEGREES,  DIFFERENCE  IN  ANGLES  •  1.038E-03  DEGREES,  JER  •  5 


FOURIER  COEFFICIENTS  ROTATED  BY  BIAS  ANGLE 


COS I  ME  PLATES  .  S1ME  PLATES 


X  Aim)  813(10 


A26(X)  B26(X) 


1 

2 

3 

% 

5 


0.001293 
1.999221 
0.0  X 10  M  7 
0 . 000*90 
0.000277 


0.0 

0.000036 

0.013197 

0.001065 

0.000037 


0.020196  0.0 

-0.000038  1.999990 

-0.013973  0. 011623 


-0.000039  -0.000269 

0.000696  -0.000377 


ERROR  RESIDUE— -ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  -  25.12  ARC  MINUTES  AT  60.00  DEGREES 


ERROR  FUNCTION  COEFFICIENTS 


X  AER(K)  BER(X)  (IN  RADIANS) 


1 

2 

3 

6 

5 


-0.000063 

0.003305 

0.000285 

-0.000077 

-0.000277 


O.P 

0.CQ6268 

0.000207 

-0.000072 

-0,000181 
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---CAPACITIVE  RESOLVER 

DATA  REDUCTION-- 

RUN  NUMBER 

TYPE 

ANORM 

ENORM 

IER 

M  CODE 

1B192  072969 

0.9  STD 

9.639E-09 

3.973C-09 

6 

5  12921 

1B292  072969 

0.9  STO 

9. B97E-09 

2 . 952E-09 

6 

5  12922 

11392  072969 

0.9  STD 

5 . 519E-09 

2 • 3I1E-09 

5 

5  12923 

1S492  072969 

0.9  STO 

7. BASE -09 

2  *9136-09 

6 

4  14929 

FOURIER  COEFFICIENTS  FROM  COMPUTER 

PROGRAM  OFFOUR— NORMALIZED 

PLATE  1 

PLATE  2 

PLATE  3 

PLATE  9 

A(K) 

1  U) 

AIR) 

IU) 

AIR) 

BU) 

AU)  BU) 

0.012027 

0.0 

-0.009297 

0.0 

-0.015169 

0.0 

-0.010956  0.0 

0.911209 

0.192999 

0.192610 

-0.991275 

-0.979911 

-0.2092BI 

-0.202966  0.979219 

0.000717 

-0.002790 

-0.009329 

0.001096 

0.009039 

0.006279 

0.000725  -0.005735 

0.000953 

-0.000603 

-0.000107 

0.000956 

-0.000573 

-0.0U0279 

0.001707  -0.000073 

0.000156 

-0,000992 

-0,000322 

-0JL000239 

0*000090 

.-JL.10OJ97 

0*000299  0,000991 

ANGULAR  BIAS 

BETWEEN  PATTERN 

ZERO  ANO  TURNTABLE  ZERO 

-11.12 

DEGREES 

-11.11 

DEGREES 

-11.79 

DEGREES 

-11.61  DEGREES 

—OPPOSITE  PLATE  SUMMATION  WITHOUT  TILT  CORRECTION  — 


MEAN  HAS  ANGLE  *  -11. M2  DEGREES,  DIFFERENCE  IN  ANGLES  -  3.160E-02  DEGREES,  JER  •  5 


FOURIER  COEFFICIENTS  ROTATED  BY  BIAS  ANGLE 


COSINE  PLATES 


St NE  PLATES 


1C  A1XK)  B 1 3 ( K) 


A29  (1C )  B29U) 


1  0.001191 

2  1.I99BSS 

3  -0.011569 

9  -0.000097 

5  -0.000399 


0.0 

0.001103 

-0.009911 

-0.000390 

-0.000090 


-0.001159 

0.001103 

0.006612 

0.000920 

0.000999 


0.0 

1.999973 

-0.010199 

-0.001972 

0.000079 


ERROR  RESIDUE  — ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  -  29.57  ARC  MINUTES  AT  100.00  DEGREES 


ERROR  FUNCTION  COEFFICIENTS 


1C  AER(K)  BER(K)  (IN  RADIANS) 


1  -0.000005 

2  0.002309 

3  0.000995 

9  0.000675 

5  0.000199 


0.0 

•0.006013 

-0.000999 

0.000259 

-0.000996 


no 


— CAPACITIVE  RESOLVER  DATA  REDUCTION- 


RUN  NUMBER  TYPE  ANORM  ENORM  IER  M  COOE 

18127  072668  0.9  STD  7.731E-04  2.427E-04  6  5  X2271 

18227  072668  0.9  STD  7.705E-04  2.656E-04  5  3  UVt 

18327  072668  0.9  STD  6.738E-C4  2.346E-04  6  5  12273 

181*2 7  072668  0.9  STD  8 . 775C-0**  3.102E-04  5  5  12271* 

FOUKIER  COEFFICIENTS  FROM  COMPUTER  PROGRAM  DFFOUR— NORMAL  I  ZED 

PLATE  1  PLATE  2  PLATE  5  PLATE  4 


K 

A(K) 

B(K) 

A  ( K ) 

BOO 

A  ( K) 

8(K) 

A(lO 

B(IC) 

1 

-0.012802 

0.0 

0.000478 

0.0 

0.000021 

0.0 

-0.008750 

0.0 

2 

0.980226 

0.197881 

0.199399 

-0.979919 

-0.980044 

-0.198781 

-0.193128 

0.911174 

3 

-0.001813 

-0.002858 

-0.011934 

0.001803 

0,010520 

0,009474 

0,001792 

-0.009679 

4 

-0.000086 

0.000693 

-0.000526 

0.001076 

-0.000144 

-0.000493 

0.000505 

-0.001447 

5 

-0.000315 

0.000542 

0.000282 

0,000116 

0. 000351 

-0.000166 

-0.000158 

-0.000057 

ANGULAR  BIAS 

BETWEEN  PATTERN 

ZERO  AND  TURNTABLE  ZERO 

-11.41 

DEGREES 

-11.50 

OEGREES 

-11.47 

OEGREES 

-n. 

14  DEGREES 

---OPPOSITE  PLATE  SUMMATION  WITHOUT  TILT  CORRECT  ION- 


MEAN  BIAS  ANGLE  •  -11.38  DEGREES,  DIFFERENCE  IN  ANGLES  •  6.040E-02  DEGREES,  JER  ■  5 


FOURIER  COEFFICIENTS  ROTATFD  BY  BIAS  /'(HE 
COSINE  PLATES  SINE  PLATES 

K  A 1 3 ( K )  B13(K)  A240O  B?4(K) 

1  -0.012823  0.0  -0.009228  0.0 

2  1.999998  0.002108  0.002108  1.999988 

5  -0, 0!614L  -0.006C01  0.008216  -0.015897 

4  0.000714  0.000949  -0.000563  -0.00266$ 

5  -0.000105  0.000831  -0.000432  0.000193 

ERROR  RESIDUE  — ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  •  8.94  ARC  MINUTES  AT  40.00  DEGREES 

ERROR  FUNCTION  COEFFICIENTS 

K  AER(K)  BER(K)  (IN  RADIANS) 

1  -0.000014  0.0 

2  -0.000906  -0.001604 

3  0.000678  -0.000506 

4  0.000092  0.000076 

5  0.000097  -0.000845 
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--CAPAC I  T I  Vt  RESOLVER  DATA  REDUCTION 


HUN  number  TYPE 


ANORM  (NORM 


I FR  M  coof 


10X22  075061  0.1 
1B222  07)061  0.9 
10)22  07)061  0.9 
10622  07)066  0.9 


STD 

9.996E-06 

STD 

7.660L-06 

STD 

7.760E-06 

STO 

5 .  B76E-06 

3.5O2E-06  6 
2. 753E-06  5 
3.015E-06  6 
2.655E-C6  5 


6  12221 

S  12222 

5  12223 

3  12276 


FOURIER  COEFFICIENTS  FROM  COMPUTER  PROCRAM  OF  FOUR ---NORMAL  I  ZED 


PLATE  1  PLATt  2  PLATE  )  PLATE 


AOO 

0(K) 

AOO 

BOO 

AOO 

BOO 

A(K) 

0.013800 

0.0 

0.00)009 

0.0 

0.005952 

0.0 

-0.006666 

0 

0.977511 

0.211810 

0.217935 

-0.975966 

-0.976589 

-0.215117 

-0.205085 

0 

0.002550 

-0.006016 

-0.0X6)96 

0.00X767 

0.011*25 

0.011796 

0.00)196 

-0 

0.000007 

0.000655 

•0.000606 

0.001269 

0.000667 

-0.000570 

0.000316 

-0 

0.000699 

0.000356 

0.0002X6 

0.C00263 

0.000676 

-0.000119 

-0.000127 

-0 

ANGULAR  BIAS 

BETWEEN  PATTERN 

ZFRO  AND  TURNTABLE  ZfRO 

-12.25 

DEGREES 

-12.59 

DEGREES 

-12.62 

DECREES 

-11. 

t) 

--OPPOSITE  PLATE  SUMMATION  WITHOUT  TILT  CORRECT  I  ON--- 


MEAN  BIAS  ANGLE  •  -12.27  DEGREES,  DIFFERENCE  IN  ANCLES  •  5.71SE-02  DEGREES,  JER  •  5 


FOURIER  COEFFICIENTS  ROTATED  BY  BIAS  ANGLE 


COSINE  PLATES 
A15U)  61)00 


alNE  PIATES 
A26(IO  B  26 ( K  ) 


-0.011752 

1.999916 

-0,019071 

-0.000036 

-0.000296 


0.0 

0.001995 

-0,001669 

0.001056 

0.001032 


-0.009693 

0.001995 

0,010667 

-0.000706 

-0.000656 


0.0 

1.999956 

-0,019686 

-0.002676 

0,000057 


ERROR  RCSI DUE ---ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZFRO 
MAXIMUM  OF  ERROR  FUNCTION  •  5.53  ARC  MINUTES  AT  155.00  DEGREES 

ERROR  FUNCTION  COEFFICIENTS 

K  AER(K)  BFROO  (IN  RADIANS) 

1  0.000000  0.0 

2  -0.000066  0.000276 

)  0.000556  -0.000638 

6  0.000079  -0.000171 

5  0.000091  -0.00061? 


6 

BOO 

.0 

.971766 

.011601 

.001156 

.000025 


DEGREES 
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- CAPAC I T I Vt  RESOLVER  DATA  RE DUCT  I 0N--- 


RUN  NUMBER  TYPE  ANORM  CNORM  I ER  M  CODE 

IB  1 1C  080160  0.9  STD  1.101E-03  4.405E-0'i  5  5  17161 

1B216  080160  0.9  STD  1.046E-03  4.490E-C4  5  5  12162 

IB 5 1C  O0O1CS  0.9  STD  1.37CE-C3  5.130E-04  6  5  17163 

1BUC  080166  0.9  STD  9 .  I*  30E  -04  3.765E-04  3  5  12164 

FOURIER  COEFFICIENTS  FROM  COMPUTER  PROGRAM  OFF OUR -•-NORMAL  I  ZED 

PLATE  1  PLATE  ?  PLATE  3  PLATE  4 


K 

AU) 

BU) 

AOO 

BU) 

AOO 

BOO 

AU) 

BOO 

1 

-0.013193 

0.0 

0.011177 

0.0 

0. 01 C  7  06 

0.0 

-0.002626 

0.0 

7 

0.971801 

0.233805 

0.244164 

-0 . 909734 

-0.97C788 

-0.241953 

-0.278870 

0.973457 

3 

-0.006824 

-0.005799 

-0.019582 

0.002087 

C. 014311 

0.C18615 

0.007594 

-0.017782 

4 

-0.000197 

0.000847 

-0.001808 

0.002426 

0.000573 

-0.001055 

0.000808 

-0.001806 

5 

-0.000502 

0.000047 

0.000247 

0.000517 

0.000207 

-0.000538 

0.000008 

-0.000579 

ANGULAR  BIAS 

BETWEEN  PATTERN 

ZERO  AND  TURNTABLE  ZERO 

-13.64 

DEGREES 

-14,13 

DEGREES 

-14.00 

DEGREES 

-13. 

.23  DEGREES 

---OPPOSITE  PLATE  SUMMATION  WITHOUT  TILT  CORRECTION--- 


MCAN  BIAS  ANGLE  •  -13.75  DECREES,  DIFFERENCE  IN  ANCLES  •  6.946r-0?  DEGREES,  JER  -  5 


FOURIER  COEFFICIENTS  ROTATED  BY  BIAS  ANGLE 

COSINE  PLATTS  SINE  PLATES 

K  A1 3(K)  61300  A74(K)  B24U) 

1  -0.029979  0.0  -0.013103  0.0 

7  1.999987  0.007423  0.002424  1.999935 

3  -0.050020  -0.011895  0.014753  -0.030081 

4  0 . 0006 76  0.001937  -0.000874  -0.004907 

5  0.000073  0.000917  -0.001055  -0,000433 

ERP.OR  RESIDUE  ---ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  •  9.29  ARC  MINUTES  AT  340.00  DEGREES 

ERROR  FUNCTION  COEFFICIENTS 

K  AEROO  BERU)  (IN  RADIANS) 

1  -0.000004  0.0 

7  -0.600237  -0.000055 

3  0.000527  -0.001078 

4  0.000237  -0.000140 

5  0.0 00281  -0.001399 


113 


\ 


---CAPACITIVE  RESOLVER  DATA  REDUCTIQN-- 


RUN  NUMBER 

TYPE 

ANORM 

EHORM 

IER 

M  coor 

1B133  060566 

0.9  STO 

7. 777E-04 

3.P39E-04 

6 

3  17331 

IP 239  060366 

0.9  STO 

7.046C-04 

2.626E-04 

3 

5  12)37 

16333  060566 

0.9  STO 

7.963E-04 

7.6441-04 

5 

5  17333 

10453  060566 

0.9  STO 

7.091C-04 

7.64  7E-04 

7 

3  17334 

FOURIER 

COf FF  ICIf NTS 

FROM  COMPUTER 

PROGRAM  OrFOUR---NORMAl  I2ED 

PLATE  1 

PLAU  2 

PLATE  3 

PLATE 

4 

A(  X ) 

B(X) 

A(  X  ) 

MX) 

A(  X  ) 

B(  X ) 

A(  X ) 

B  ( X ) 

-0.014471 

0.0 

-0.003646 

0.0 

-0.004416 

0.0 

*0.010313 

0.0 

0.979033 

0.703703 

0.704313 

-0.976906 

-0.979199 

-0.202907 

-0.197376 

0.960)36 

-0.000639 

-0.U01161 

-0.010252 

0.001153 

0.001974 

0.006031 

0.000350  - 

0.007763 

0.000134 

0.000674 

-0.000606 

0.001066 

C. 000261 

-0.000470 

0.000713  - 

0.000636 

-0.000071 

0.000199 

0.000377 

0.000006 

6.00C036 

-0.0t0430 

-0.000303 

0.000073 

ANGUIAR  BIAS  BETWEEN  PATTfRN 

ZERO  AND  TURNTABIE  ZERO 

-11.75 

DEGREES 

-11.79 

DEGREES 

-11.71 

DEGREES 

-11.36 

DEGREES 

---OPPOSITt  PLATE  SI»MP1AT  ION  WITHOUT  TIL!  f  ORRECT  ION- 


MEAN  BIAS  ANGLE  •  -11.66  DEGREES,  DIFFERENCE  IN  ANGUS  -  7.760E-0?  DIGREES,  JER  •  3 


FOURIER  COIFMCIENTS  MOT  AT  F  P  BY  BIAS  ANGl  I 
COSINE  Pi. A T I  S  SINt  PLATES 

X  A15(X)  moo  A74(X)  R24(X) 

1  -0.010067  0.0  -0.006667  0.0 

2  1.B99999  0.0073)4  0.0073)4  1.999966 

)  -0.01716?  -0.003333  0.006191  -0.017401 

4  0.000355  0.001071  -0.000777  -0.007111 

5  0.000417  0.000473  -0.000391  0.000634 

ERROR  RESIDUE-ERROR  FUNCTION  RTLATIVr  TO  PATTfRN  ZERO 
MAXIMUM  OF  FRROR  FUNCTION  •  6.6)  ARC  MINUTES  AT  100.00  DIGREES 

ERROR  FUNCTION  COEFFICIENTS 

X  AER(X)  RFR(X)  (IN  RADIANS) 

1  -0.000007  0.0 

7  -0 , ~0039 1  -0.001790 

5  0.000943  -0.000471 

6  -0.000101  0.000371 

3  0.000164  -0.000677 
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—CAPACITIVE  RESOLVER  DATA  REDUCTION--- 


RUN  NUMBER 

TYPE 

ANORM 

ENORM 

IER 

M  CODE 

16133  080968 

PQT 

0.9  STD 

5 . 254E-04 

2.000E-40 

5 

5  12331 

1B233  080968 

POT 

0.9  STD 

1 .  Q19E  -  04 

2.719E-04 

J6 

5  12332 

16333  080968 

PQT 

0.9  STO 

6 . 222E-04 

2. 717E-04 

5 

5  12333 

16433  080968 

PQT 

0.9  STO 

8 . 466E-04 

2.488E-04 

5 

5  12334 

FOURIER 

COEFFICIENTS  FROM  COMPUTER 

PROGRAM  DFFOUR— NORMALIZED 

PLATE  1 

PLATE  2 

PLATE  3 

PLATE  4 

A(K) 

BOO 

A(K) 

BEK) 

A(K) 

BOO 

A(K)  BOO 

002075 

0.0 

0.012673 

0.0 

0.008157 

0.0 

0.001948  0.0 

987920 

0.154969 

0.198006 

-0.980201 

-0.969004 

-0.247048 

-0.202779  0.979225 

005712 

0.QU616 

-0.018532 

-0.021010 

0.JLO6526 

0.026310 

-(L.M1C19  -0.D18855 

000228 

-0.000132 

-0.001713 

0.001724 

0.001124 

-0,000931 

0.001331  -0.u^0623 

000190 

-0.000156 

0.000051 

0.000054 

0.000065 

-0.000224 

0.000070  0.000462 

ANGULAR  BIAS 

BETWEEN  PATTERN 

ZERO  AND  TURNTABLE  ZERO 

-1.91 

DEGREES 

-11.42 

DEGREES 

-14.30 

DECREES 

-11.70  DEGREES 

—OPPOSITE  PLATE  SUMMATION  WITHOUT  TILT  CORRECTION--- 
MEAN  BIAS  ANCLE  •  -11. St  DEGREES/  DIFFERENCE  IN  ANGLES  •  2 . N50E-02  DEGREES/  JER  -  5 


K 


FOURIER  COEFFICIENTS  ROTATED  BY 
-COSINE  PLATES 
A1JU)  B13(K) 


BIAS  ANGLE 

SINE  PLATES 
A240O  624 ( K ) 


1 

2 

3 

k 

5 


-0.006081 

1.997719 

-0.006463 

-0.000210 

-0.000127 


0.0 

0.000154 

-0.013216 

0.001167 

0.000232 


0.010725 

0.000155 

0.016976 

0.001163 

0.000308 


0.0 

1.999993 

0.004145 

0.003663 

0.000268 


ERROR  RESIDUE-— ERROR 
MAXIMUM  OF  ERROR  FUNCTION 


FUNCTION  RELATIVE  TO  PATTERN  ZERO 
-  15.17  ARC  MINUTES  AT  355.00  DECREES 


ERROR  FUNCTION  COEFFICIENTS 


K  AER(K)  BER(K)  (IN  RADIANS) 


1 

2 

3 

4 

5 


0.000008  0.0 

0, 002188  0,000210 

0.000438  -0.000427 

0.000961  0.000635 

0.000585  -0.000840 
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CAPACITIVE  RESOLVER  DATA  REDLTT ION--- 


RUN  NUMBER 

TYPE 

ANORf 

EN'ORM 

IER 

M  CODE 

1B131  081568 

QS6 

0.9  STD 

8. 784E-04 

3 . 300E-04 

6 

5  12311 

1B231  0815G8 

QS6 

0.9STD 

6. f  30E-04 

3. 308E-04 

5 

5  12312 

1B331  081568 

QS6 

0.9  STD 

8.887E-04 

3.2S5E-04 

5 

$  12313 

1B631  081568 

QS6 

0.9  STD 

7.282E-0** 

2 , 48  7t-04 

5 

5  12314 

FOURIER 

COEFFICIENTS  FROM  COMPUTER 

PROGRAM  DE FOUR ---NORMAL  1  ZED 

PLATF  1 

PLATE  2 

PLATF 

3 

PLATE  4 

K 

A(K) 

6<K) 

A(K) 

B(K) 

A  ( K ) 

BOO 

A  ( K )  BOO 

1 

-0.0151*31 

0.0 

0.011085 

0.0 

-0.00*i718 

0.0 

-0.010214  C.O 

2 

0.97G091 

0.217363 

0.205951 

-0.978562 

-0.98138?  - 

0.192069 

-0.201503  0.979418 

3 

-0.00416** 

-0.001707 

-0.001164 

0.005151 

O.OOC594 

0.005479 

0.001*239  -0.006741 

4 

-0.001101 

0.001075 

0.001726 

-O.CP25G5 

-O.COC349 

0.001167 

-0.00056C  0.000536 

5 

-0.000208 

0.001099 

-0.000311 

0.00002? 

0.001227  - 

0.000123 

-0.000331  -0.000324 

ANGULAR  BIAS 

BETUEFI  PATTERN 

ZFRO  ANT  TURNTABLE  ZFRO 

-12.55 

DFCREES 

-11.89 

DECREES 

-11.07 

DFCREES 

-11. G2  DEGREES 

---OPPOStTF  PLATE  SUMMATION  WITHOUT  TUT  CORRECT  I ON--- 
MEAN  BIAS  ANCir  ■  -II.  7f  DECREFS,  DIFFERENCE  IN  ANCLES  -  2.9WE-C2  DECREES,  JER  -  5 


FOURIER  COEFFICIENTS  ROTATEE  BY  BIAS  ANCLE 


COSINE  PLATES 
A 1  3  (  K )  B 1  3  (  K  ) 


SUV  PLATES 
A  2i*  (  K  )  B  2 U  ( K  ) 


-0.010713 
1.999833 
-C. 012733 
■0.000 6 GC 
■0.100081 


0.0 

C.0C1C2F 
-C. U0228G 
O.OCC35F 
0.00186*4 


-0. 021299 
0.0O102E 
C.0PC197 
-c.rrro79 

-r .00070? 


0.0 

1 . 99999*1 
-C.  013060 
0.O0385G 
-0.000221 


EPROR  RES  I  CL  f ---ERROR  ELECT  ION  RFLATIVE  TO  PATTERf  ZFRC 
MAXIMtN  OE  ERROR  FUNOTlOf  •  42.51  ARC  MINUTES  AT  195.00  DECREES 

epror  Fir  r T i c n  ccrmriENTS 


K  AEMK)  BFf(K)  (If  RADIANS) 

1  -0.CC0CG7  C.O 

2  -G.C10019  -C. 0(1077 

3  0 ,  C  0  C  3  4  5  0.000779 

4  -0.CC1C5F  -0. '00139 

5  o.ooocrp  o.ocii?*! 
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-—CAPACITIVE  RESOLVER  DATA  REDUCTION 


RUN  NUttSER  TYPE  A  NORM  ENORM  IER  M  CODE 

16X51  Ot 1666QS10  0.9  STD  1.516E-03  5.352E-04  5  5  12511 

16231  0I166IQS10  0.9  STD  1.222E-03  4.8I3E-06  6  5  12312 

16331  06166IQS10  0.9  STD  1.587E-C5  5.935E-C4  5  5  12313 

16631  01 1666QS10  0.9  STD  6.763E-06  2.339E-04  5  5  12316 

FOURIER  COEFFICIENTS  FROM  COMPUTER  PROGRAM  OF  FOUR-  — NORMAL  I  ZED 


PLATE  1  PLATE  2  PLATE  3  PLATE  4 


Aon 

6(K) 

A(K) 

600 

AU) 

BOO 

AOO 

BOO 

0.006647 

0.0 

0.043736 

0.0 

0.005721 

0.0 

0.005155 

0.0 

0.969111 

0.263836 

0.209573 

-0.977794 

-0.986139 

-0.165922 

-0.201002 

0.979591 

0.007571 

-0.000702 

0. 020932 

0.013225 

0.005347 

-0. 000103 

0.011603 

-0.003946 

0.001615 

0.003665 

0.00S020 

-0.008233 

-0.002836 

0.003985 

-0.001667 

0.002603 

0.000099 

0.003528 

0.000613 

0.000510 

0.003734 

-0.000591 

-0.000511 

-0.000763 

ANGULAR  61  AS 

8 E TWEEN  PATTERN 

ZERO  AND  TURNTABLE  ZERO 

-16.11 

DEGREES 

-12.10 

DEGREES 

-9.55 

DECREES 

-11. 

60  DEGREES 

---OPPOSITE  PLATE  SUMMATION  WITHOUT  TILT  CORRECT  I ON--- 


MEAN  6IAS  ANGLE  -  -11.14  DECREES,  DIFFERENCE  IN  ANGLES  ■  7.279E-03  DEGREES,  JER  -  5 


FOURIER  COEFFICIENTS  ROTATFD  6Y  B I AC  ANGLE 
COSINE  PLATES  SINE  PLATES 

K  A 1 3  ( K )  813(10  A24U)  62600 

1  -0.012368  0.0  -0.038580  0.0 

2  1.998615  -0.000254  -0.000254  1.999980 

3  -0.012077  0.004643  -0.015660  *0.011979 

6  0.000862  -0.001265  0.000899  0.012626 

5  0.000568  0.005465  -0.001749  -0.000083 

ERROR  RESIDUE-— ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  -105.46  ARC  MINUTES  AT  345.00  DEGREES 

ERROR  FUNCTION  COEFFICIENTS 

K  AER(K)  6ER( JO  (IN  RADIANS) 

1  -0.000167  0.0 

2  -0.026252  0.000182 

3  0.000262  0.003551 

4  -0.004509  0.000178 

5  -0.000115  0.002853 
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---CAPACITIVE  RESOLVER 

DATA  REDUCTION--- 

RUN  NUMBER 

TYPf 

ANORM 

ENORM 

IER 

r  CODE 

16133  082168 

PS6 

0.9  STD 

6 . 1 31E-06 

2.276E-06 

5 

5  12331 

1B233  082168 

PS6 

0.9  STO 

5. 801E-06 

2 . 266E-06 

5 

5  12332 

1B333  082168 

PS6 

0.9  STO 

6 . 3I9E-06 

2. 306E-06 

5 

5  12333 

1B633  082168 

PS  6 

0.9  STD 

8 . 127E-06 

2 . 2B5E-06 

6 

i  12336 

FOURIER 

COEFFICIENTS  FROM  COMPUTER 

PROGRAM  DF FOUR- --NORMAL  1  ZED 

PLATE  1 

PLATE  2 

PLATE  3 

PLATE 

6 

K 

A(K) 

6(10 

A(IO 

B(K) 

A(K) 

6  00 

ACIO 

BU) 

1 

-0.007582 

0.0 

0.001625 

0.0 

0.003632 

0.0 

-0.001229 

0.0 

2 

0.982055 

0.186597 

0.195608 

-0.98061*3 

-0.980810 

-0.196971 

-0.183985 

0.912930 

3 

-0.006669 

-0.019161 

-0.006661 

0,019022 

0.003306 

-0.009566 

0.007388 

0.009311 

6 

0.000113 

0.000260 

-0.000229 

0.000515 

0.001061 

0.000331 

-0.000639  - 

0.000113 

5 

-0.000301 

0.000128 

0.000677 

0.000330 

0.000308 

-0.000081 

-0.000189  - 

0.000396 

ANGULAR  BIAS 

BETWEEN  PATTERN 

ZERO  ANO  TURNTABLE  ZERO 

-10.17 

OEGREES 

-11.29 

OEGREES 

-11.26 

DEGREES 

-10.60 

DEGREES 

.—OPPOSITE  PLATE  SUMMATION  WITHOUT  TILT  CORRECTION--- 


MEAN  BIAS  ANCLE  •  -11.00  OEGREES,  DEFERENCE  IN  ANCLES  -  5.502E-02  DEGREES,  JER  -  5 


FOURIER  COEFFICIENTS  ROTATED  BY  BIAS  ANGLE 


COSINE  PLATES 
K  A13(K)  613(F) 


SINE  PLATES 
A26U)  B2NCK) 


1 

2 

3 

6 

5 


0.01101** 
1 . 99998  8 
0.012830 
0.000833 
0.000293 


0.0 

0.001921 

0.003116 

0.0001.57 

0.00057*. 


-0.00265*. 

0.001920 

0.007355 

-0.001106 

-0.000985 


0.0 

1.99996V 

-0.013371 

-0.000969 

-0.000061 


ERROR  RESIDUE  — ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  -  10.96  ARC  MINUTES  AT  330.00  OEGREES 


ERROR  FUNCTION  COEFFICIENTS 


K  AERU)  BER(K)  (IN  RADIANS) 

1  0 . 000007  0.0 

2  0.001812  -0.001068 

3  0.000533  -0.000656 

6  0.000156  -0.000226 

5  -0.000162  -0.000030 
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---CAPACITIVE  RESOLVER 

DATA  REDUCT1DH— 

RUN  NUMBER 

TYPE 

ANORM 

ENORM  IER 

M  CODE 

1B133  08226IPS10 

0.9  STD 

8. 166E-06 

2. 190E-06  5 

5  12331 

11233  0I22IIPS1Q 

0.9  STD 

7.1 76E-06 

2.313E-0L  5 

5 _ 12112 

1B333  Of 226CPS10 

0.9  STD 

5. 636E-06 

2 . 231E-06  5 

5  12333 

IB 633  082268PS10 

0.9  STD 

5. 689E-06 

2 .092E-06  5 

5  12336 

FOURIER 

COEFFICIENTS  FROM  COMPUTER 

PROGRAM  DFFOUR— NORMALIZED 

PLATE  1 

PLATE  2 

PLATE  3 

PLATE 

6 

A(K)  BOO 

A(K) 

BOO 

A(K)  B(K) 

A(K) 

BOO 

0.019359  0.0 

0.028506 

0.0 

0.030150  0.0 

0.025371 

0.0 

0.987305  0.158861 

0.166051 

-0.986116 

-0.986159  -0.165806 

-0.155062 

0.987909 

0.011627  -0JIU614 

(LGG6I21  1*JUl3611 

-0.0073??  -0.03.42? 

0*017969 

0*032501 

0.000826  -0.000267 

0.000156 

-0.000381 

0.001027  0.000705 

-0.000972  - 

0.000215 

0.000085  -0.000016 

0.000116 

0.000120 

0.000366  -0.000005 

-0.000073  - 

0.000152 

ANGULAR  BIAS 

BETWEEN  PATTERN 

ZERO  AND  TURNTABLE  ZERO 

-l.lt  DECREES 

_ -1*56 

DEGREES 

-9.56  DECREES 

-8.92 

DEGREES 

—OPPOSITE  PLATE  SUMMATION  WITHOUT  TILT  CORRECTION- 
MEAN  BIAS  ANGLE  •  -9.29  DEGREES,  DIFFERENCE  IN  ANGLES  -  5.146E-02  DEGREES,  JER  -  5 


FOURIER  COEFFICIENTS  ROTATEO  BY  BIAS  ANGLE 


COSINE  PLATES 


SINE  PLATES 


K  A 1 3 ( K )  B13CK) 


A260C)  B26(K> 


1  -0.010792 

2  1.999917 
3„  -0.  OH  059 
6  '  -0.002092 
5  -0.000390 


0.0 

0.001796 
-0. 0063ii2 
0.000007 
0.000196 


-0.003135 

0.001795 

0.007010 

-0.000918 

-0.000313 


0.0 

1.999968 

-0.016362 

0.000673 

-o.ooom 


ERROR  RESIDUE  — -ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  ■  11.32  ARC  MINUTES  AT  310.00  DEGREES 


ERROfl  FUNCTION  COEFFICIENTS 


K  AEROO  BER(K)  (IN  RADIANS) 


0.000006 

0.001775 

0.000612 

0.000065 

0.000227 


0.0 

0.001714 

0.000367 

0.000195 

0.000691 
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* 


— CAPACITIVE  RESOLVER 

DATA  REDUCTION--- 

RUN  NUMBER 

TYPE 

ANORM 

ENORM 

IER 

M  CODE 

1B133  082868 

PTX 

0.9  STD 

6 . 820E-04 

2 . 505E-04 

5 

5  12331 

1B233  082868 

PTX 

0.9  STD 

4.159E-04 

1.568E-04 

5 

5  1Z332 

1B333  082868 

PTX 

0.9  STD 

7 . 012E-04 

2 . 312E-04 

5 

5  12333 

2B433  082968 

PTX 

0.9  STD 

5 . 9C4E-04 

1 . 802E-04 

5 

5  22334 

FOURIER 

COEFFICIENTS  FROM  COMPUTER 

PROGRAM  OF FOUR-- -NORMA 1 1  ZED 

PLATE  1 

PLATE  2 

PLATE  J 

PLATE  4 

K 

ACK) 

BOO 

ACK) 

B(K) 

A'X) 

B(K ) 

A(K)  B(K) 

1 

0.043304 

0.0 

0.052632 

0.0 

0.049628 

0.0 

0.045237  0.0 

2 

0.983847 

0.179011 

0.190170 

-0.981752 

-0.982921 

-0.184031 

-0.169972  0.9IS450 

3 

0.013520 

0.065644 

-0.018698 

-0,065258 

0.018816 

0*068709 

-<>.015389  -0.070565 

4 

-0.002969 

0.002293 

-0.002977 

-0.002264 

0.004022 

-0.002235 

0.002706  0.002574 

5 

0.000060 

0.000341 

-0.000243 

-0.000143 

0.000438 

-0.000679 

-0.000003  -0.000049 

ANGULAR  BIAS 

BETWEEN  PATTERN 

ZERO  AND  TURNTABLE  ZERO 

-10.31 

DEGREES 

-10.96 

DEGREES 

-10,60 

DEGREES 

-9.79  DEGREES 

--OPPOSITE  PLATE  SUMMATION  WITHOUT  TILT  CORRECTION - 


MEAN  BIAS  ANGLE  •  -10.42  DECREES,  DIFFERENCE  IN  ANCLES  •  4.199E-02  DEGREES,  JER  ■  5 


FOURIER  COEFFICIENTS  ROTATED  BY  BIAS  ANGLE 


COSINE  PLATES 


SINE  PLATES 


K  A13( K J  613(10 


A24 (K)  8  24 ( K ) 


1 

2 

3 

4 

5 


-0.006324 
1.999991 
-0.006039 
-C. 003627 
0.000396 


0.0 

0.001466 

-0.000981 

0.007498 

0.001013 


-0.007395 

0.001465 

0,001205 

0.007369 

0.000242 


0.0 

1.999894 

-0.006137 

0.001188 

-0.000089 


ERROR  RES  I DUE---ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  -  25.62  ARC  MINUTES  AT  185.00  DEGREES 


ERROR  FUNCTION  COEFFICIENTS 


AER(K) 


BER(K)  (IN  RADIANS) 


-0.00001C 

-0.003152 

0.000692 

-0.000122 

0.003717 


0.0 

0.000117 

-0.000638 

0.000055 

0.001204 
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—capacitive  resolver 

DATA  REDUCTION--- 

RUN  NUMBER 

TYPE 

AKORM 

EN0P.M 

IER 

M  CODE 

1B128  015061 

PTY 

0.9  STD 

6, 275E-06 

2. 562E-06 

5 

5  12281 

1B22S  015061 

PTY 

0.9  STD 

6, 681E-06 

2, 068E-06 

5 

5  12262 

1B52I  065068 

PTY 

0.9  STD 

8. 770E-06 

2 . 553E-06 

5 

5  12283 

1B628  083066 

PTY 

0.9  STD 

5. 756E-06 

2.037E-06 

5 

5  12286 

FOURIER 

COEFFICIENTS  FROM  COMPUTER 

PROGRAM  DFFOUR— -NORMALIZED 

PLATE  1 

PLATE  2 

PLATE  5 

PLATE 

6 

ACK) 

B(K) 

A(K) 

BOO 

AOO 

BOO 

A(K) 

BOO 

0.076799 

0.0 

0.067771 

0.0 

0.086283 

0.0 

0.080607 

0.0 

0.916192 

0.173169 

0.183265 

•0.985066 

-0.986186 

-0.177153 

-0.163539 

0.986537 

0.069517 

-0.026609 

-0.079769 

0.017966 

0t076052 

-0^010686 

-0.067055 

0.015605 

0.002119 

-0.002520 

0.001655 

0.006699 

-0.005595 

0.001626 

-0.001922  - 

0.003262 

0.000551 

0.000316 

0.000072 

0.000168 

0.000129 

0.000021 

0.000006 

0.000062 

ANGULAR  BIAS 

BETWEEN  PATTERN 

ZERO  AND  TURNTABLE  ZERO 

-9.97 

DEGREES 

•10.56 

DEGREES 

-10,20 

DEGREES 

-9,61 

DEGREES 

—OPPOSITE  PLATE  SUMMATION  WITHOUT  TILT  CORRECTION- 
MEAN  HAS  ANCLE  •  -15.06  &ECAEI1/  6TPFIWNCI  TN  ANGLES  -  ST.596E-02  DEGREES,  jER  -  5 


FOURIER  COEFFICIENTS  ROTATED  BY  BIAS  ANGLE 


COSINE  PLATES 
K  A13(K)  B13(K) 


SINE  PLATES 
A2600  B2NCK  > 


1  -0.007686 

2  1.999)91 
}  -0*001976 
6  0.002926 
5  -0.000520 


0.0 

0.001779 

■o.oim? 

-0.006687 

0.000655 


-0.007170 

0.001779 

0*011071 

-0.007236 

-0.000152 


0.0 

1.999199 

-0.009769 

-0.006916 

-0.000056 


ERROR  RESIDUE— ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  •  20.67  ARC  MINUTES  AT  525.00  DECREES 

rRROI  FUNCTION  CCirFlOlENTS 


K  AER(K)  BER(K)  (IN  RADIANS) 


1  0.000006  0.0 

2  Q.QO2O70  -Q.0Q0195 

5  0.000712  -0.000521 

6  -0.000555  0.000675 

5  -0.005652  -0.001977 
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•—CAPACITIVE  RFSOtvrR  DATA  ftEDOfTf $Nr?- 


RUN  NUMBER 

TYPE 

ANORM 

ENORM 

IER 

P  CODE 

1B129  091768 

0.9  HO 

6.508E-04 

2 . 70CE-04 

5 

5  12291 

1P229  091768 

0.9  HO 

9.08U-04 

i*7EE£-04 

-i _ inn 

16329  091768 

0.9  HO 

8.590E-04 

2 . 657E-04 

5 

5  12293 

16429  091768 

0.9  HO 

1.018E-03 

3 , 604E-04 

5 

5  12294 

FOURIER 

COEFFICIENTS  FROM  COMPUTER 

PROGRAM  DR FOLR---MORMAL 1 Z ED 

PLATE  1 

PL/ TE  2 

PLATE  3 

PLATE  4 

A  <  K ) 

B(K) 

A(K) 

B(K) 

A(K) 

BOO 

A(K)  BOO 

011472 

0.0 

0.008491 

0.0 

0.00347E 

0.0 

-0.002893  0.0 

905456 

-0.169933 

-0.171685 

-0.985153 

-0.985131 

0.171809 

0.171001  0.985271 

001254 

0.000003 

0.00489C 

0.009780 

0.014140 

0.004331 

0.008*4$  -0.005420 

OOOCC9 

0.000740 

0. 000102 

0.050104 

0 .000965 

-0,0o08l9 

0.000241  -0.000147 

000151 

0.000078 

0.000196 

0.0C0C43 

0. COCO?  2 

-C.C00616 

-0.000528  -0.000081 

ANGULAR  BIAS 

BETWrFf!  PATTERN 

ZERO  AND  TURNTABLE  ZFRO 

9.78 

DECREES 

9.89 

DFCPECS 

9.89 

DECREES 

9.85  DEGREES 

" 

--OPPOSITE  PLATE  SUfY’AT ION 

—4 

X 

o 

Til 

IT  CORRECT  ION--- 

MEAN  BIAS  ANCLE  - 

9.85  DEGREES 

,  01  FFERrf’CF 

IN  ANCLES 

•  1.371E-0? 

DECREES,  JER  -  5 

FOURIER 

COEFFICIENTS 

ROT/  TFT 

BY 

BIAS  ANCLE 

COSINE 

PLATFS 

SINE  PLATES 

K 

A13<IC> 

8 1 3  ( K ) 

A  2  4  (  K ) 

B  24  ( K  ) 

1 

-0.014948 

0.0 

-0.011384 

0.0 

2 

2 . C  00000 

O.OOC478 

C.OCC479 

2.000000 

3 

-0.013053 

-0.0C92C5 

O.CCE851 

-C.C12975 

4 

-0.C02191 

O.OCC55C 

0,000071 

-0.0C0249 

5 

-0.600341 

O.OOCC18 

-O.CCC480 

-0.000556 

ERROR  RES  I DUE---ERR0R  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  •  6.58  ARC  MINUTES  AT  115.00  OFCREFS 

ERROR  FUNCTION  COEFFICIENTS 


K  AEROO  BER(K)  (  I }*  RADIANS) 


1 

2 

3 

4 

5 


-C .  C C000I* 
-0.0C11GC 
O.OCOIO? 
-0 . COO  371 
0. 00015*1 


o.c 

o.ooogct 

-o.cooedb 

-C.00C21C 

0.C0C482 
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—CAPACITIVE  RESOLVER 


RUN  NUMBER 

type 

ANORM 

1B11B  09266B 

HO 

0.9  STD 

1.606E-03 

10210  092668 

HO 

0.9  STD 

1.705E-03 

1B31B  092668 

HO 

0.9  STD 

1.229E-03 

IB 618  09266B 

HO 

0.9  STO 

1.079E-03 

FOURIER 

COEFFICIENTS  FROM  COMPUTER 

PLATE  1 

PLATE  2 

A(K) 

BU) 

A  (  K ) 

BOO 

0.011965 

0.0 

0.006563 

0.0 

0.9B2936 

-0.113950 

-0.182699 

-0.913206 

0.005701 

0.001306 

0.005122 

0.017507 

0.000715 

0.000920 

O.O0C313 

0.000320 

0.000213 

0.000613 

-0.000131 

0.000373 

ANGULAR  BIAS 

BETWEEN  PATTERN 

10.60 

DEGREES 

10.52 

DECREES 

OATA  REDUCTION  — 


EWORM 

IER 

M  CODE 

6.956E-06 

5 

5  12181 

5 . 712E-06 

5 

5  12182 

6.622E-06 

6 

5  12183 

6.6B5E-06 

5 

5  12186 

PROCRAM  DFFOUR— NORMALIZED 

PLATE  3 

PLATE 

:  6 

AOC) 

BOO 

A(IO 

B(lO 

0.012176 

0.0 

-0.010031 

0.0 

-0.915625 

0.170112 

0.176636 

0.916633 

0.021550 

0*001552 

0.016202  - 

’0.008572 

0.000957 

-0.001861 

-0.000130  - 

0.001161 

0.000161 

-0.001033 

-0.000662 

0.000331 

ZERO  AND  TURNTABLE  ZERO 


1.79  DECREES  10,06  DECREES 


—OPPOSITE  PLATE  SUMNATION  WITHOUT  TILT  CORRECTION— 


MEAN  BIAS  ANCLE  •  10. 26  DECREES,  DIFFERENCE  IN  ANCLES  -  '*.6«6E-02  DEGREES,  JER  -  5 


FOURIER  COEFFICIENTS  ROTATED  BY  BIAS  ANCLE 


V 


COSINE  PLATES 
A13CK)  S  13(10 


SINE  PLATES 
A26U)  B26(K) 


-0.026162 

1.999969 

-0.P7299J 

-0.002851 

-0.000860 


0.0 

0. 001550 
-0,0163*6 
0.001537 
0.001115 


-0.016596 

0.001559 

0.017631 

0.000366 

-0.000223 


0.0 

1.999913 
•0,021253 
-0.001681 
-0 . 000  2  N  9 


ERROR  RESIDUE— ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  •  9. OB  ARC  MINUTES  AT  260.00  DECREES 

ERROR  FUNCTION  COEFFICIENTS 

K  AER(K)  BERU)  (IN  RADIANS) 

1  0.000011  0.0 

2  0.000119  0.000996 

3  0.000612  -0.001061 

6  -0.000002  0.000155 

5  0.000679  0.000366 
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•CAPACITIVE  RESOLVtR  DATA  REDUCTION--- 


RUN  NUMBER 

TYPE 

ANORM 

EfJORM 

IER 

M  CODE 

1B118  092768 

ES 

0.9  HO 

2.175E-03 

9.6O2E-0I* 

6 

5  12181 

1B218  092768 

ES 

0.9  HO 

2.000E-03 

9.660E-06 

5 

5  121*2 

18318  092768 

ES 

0.9  HO 

2.173E-03 

9.602E-OI* 

6 

5  12183 

16618  092768 

ES 

0.9  HO 

2 . OOOE-03 

9.660E-OI* 

5 

5  12186 

FOURIER 

COEFFICIENTS  FROM  COMPUTER 

PROGRAM  DFFOUR— -NORMAI  IZED 

PLATE  1 

PLATE  2 

PLATE  1 

PLATE  6 

K 

A(  K) 

6(10 

A(IO 

BOO 

A(K) 

8(10 

AOO  BOO 

1 

-0.011961 

0.0 

0.008110 

0.0 

0.01191*1 

0.0 

-0.008110  0.0 

2 

0.938621 

-0.365696 

-0. 36621*1 

-0.938167 

-0.938421 

0.365696 

0.366261  0.938167 

3 

-0.015887 

0.001619 

0.000100 

0.013558 

0.013887 

-0.001619 

-0.000100  -0.013558 

6 

0.000088 

0.001120 

0.001163 

0.0010C8 

-0.000088 

-0.001120 

-0.001163  -0.001008 

5 

0.000216 

0.000660 

0.000271 

-0.000022 

-0.000216 

-0.000660 

-0.000271  0.000022 

ANGULAR  BIAS 

BETWEEN  PATTERN 

ZERO  AND  TURNTABLE  ZERO 

20.21 

DECREES 

20.26 

DECREES 

20.21 

DECREES 

20,26  DEGREES 

---OPPOSITE  PLATE  SUMMATION  WITHOUT  TILT  CORRECT  I  ON--- 


MEAN  BIAS  ANGLE  -  20.25  DECREES,  DIFFERENCE  IN  ANGLES  -  2.273E-02  DEGREES,  JER  -  5 


FOURIER  COEFFICIENTS  ROTATED  BY  BIAS  ANCLE 


COSINE  PLATES 


SINE  PLATES 


K  AX5CK)  11300 


A26(K)  624/K) 


1 

2 

3 

6 

s 


-0.023882 

1.999999 

-0.023230 

-0.001866 

-0.000801 


0.0 

0.000793 

0.015563 

0.001250 

0.00056(1 


0.016221 

0.000791* 

Q.017467 

0.000639 

0.000128 


0.0 

2.000001 

0.020758 

0.002981 

0.000528 


ERROR  RESIDUE  — -ERROR  FUNCTION  RELATIVE  TO  PATTERN  ZERO 
MAXIMUM  OF  ERROR  FUNCTION  •  7.96  ARC  MINUTES  AT  220.00  DEGREES 


ERROR  FUNCTION  COEFFICIENTS 


K  AEROO  BER(K)  (IN  RADIANS) 


1  0.000009  0.0 

2  0.000136  0.000929 

3  0. 00021*1*  -0.001199 

6  0.000311*  0.000268 

5  0.000676  -0.000273 
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CAPACITIVE  RESOLVER  DATA  REDUCTION--- 


RUN  NUMBER 

TYPE 

A  NORN 

Ef'ORFi 

IFR 

N 

CODF 

1B13C  101068  ES 

0.9  HO 

1 . GEGC-05 

3. 955E -0* 

5 

5 

12301 

1B230  101068  ES 

0.9  HO 

1 . 752C-03 

6 . 3  3  3E -06 

5 

5 

12302 

16130  101008  ES 

0.9  HO 

1 . OS6E-03 

3. 95SE-CL 

5 

5 

12301 

16230  101068  ES 

0.9  HO 

1 . 252E-03 

6.335t-0i< 

5 

5 

1230? 

EQURI  ER  COEFFICIENTS  FRO#'  COMPUTER  PROGRAM  DFFOUR---NPRMAL  IZTD 


PLATE  1  PLATE  2  PLATT  5  PLATE  6 


F 

A(F) 

6(F) 

A(F) 

6(F) 

A<  F ) 

P(K> 

A (F ) 

B(F) 

-0,006375 

0.0 

0.005911 

0.0 

0.006375 

0.0 

-0.003911 

0.0 

0.930626 

-0 . 366680 

-0.366297 

-0.930698 

-0 . 9  506  26 

0.366680 

0.366797 

0.930698 

-0.007760 

0.000687 

0. 000  397 

0.007566 

0.00  7  760 

-O.OOOCE 7 

-0.000397 

-0.007568 

-0.000623 

0.000505 

0.000782 

0.0005*8 

c.orc*?3 

-o.rro5C3 

-0. 00078? 

-0.000566 

-0.000156 

0.000211 

C.0C0161 

0 . 0001*6 

O.OCC136 

-o.oomi 

-0 . 0001 6 1 

-0.000168 

ANGLE AR  8  IAS 

OETUEEfi  PATTERN 

ZFRO  AND  TURNTAPl E  ZTRO 

21.50 

DEGREES 

21.69 

DECREES 

21.50 

PEC, REFS 

21. 

69  DEGREES 

-•-OPPOSITE  PLATF  SUMMATION  1 11101*1  TUT  CORRECTION--- 


MEAN  HAS  ANCLE  ■  21.11  DECRfTS,  DIFFERENCE  IK  ANCI ES  -  5.659E-03  DECREES,  JFR  -  5 


FOURIER  COEFFICIENTS  ROTATEP  BY  BIAS  ANCLE 
COSUE  PLATES  SIFT  PLATES 

F  A13(lO  613(F)  A2M  F )  B2MF) 

1  -0. 01?  750  0.0  -0.007821  0.0 

2  1.999999  -C.0C0191  -0.000197  1.999999 

3  -0.012289  -O.OC9577  0.0C9739  -0.011613 

6  -0.CC177?  -0.000331  0.000311  -0.00118? 

5  -0.000660  -0.000238  0 . 0  0  0  ?  7  E  -0.00030? 

ERROR  RESIOUf ---ERROR  FUNCTION  RFLATIVT  TC  PATTERN  ZTRO 
MAXIMUM  OF  ERROR  FUNCTION  *  6.00  ARC  MINUTrf  AT  210.00  PEGRFFS 

ERROR  FUNCTION  COEFFICIENTS 

F  AERO  K )  BFR(F)  ( IN  RADIANS) 

1  O.OCOCP7  0.0 

2  C.0CO916  0.000393 

3  O.OCOOC7  -0,000783 

k  0.0CO173  -0.00007? 

5  -O.OOOCC3  -0.000151 
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—  CAPACITIVE  RESOLVER  DATA  REDUCTION--- 


RUN  NUMBER 

TYPE 

ANORN 

ENORM 

IER 

M 

CODE 

12123  015069 

ES 

0.9  HO 

9.94  7E-04 

4.079E-04 

8 

5 

12231 

12223  013069 

ES 

0.9  HD 

9.900E-C4 

5. 705E-04 

6 

5 

12232 

12123  013069 

CS 

0.9  HO 

9.94  7E-04 

4.079E-04 

8 

5 

12231 

12225  015069 

ES 

0.9  HD 

9. 900E-04 

3.7OSF-04 

C 

5 

12232 

FOURIER 

COCTF  1  C  1  ENTS  FROM  COMPUTER 

PROGRAM  DFFOUR---NORMAL IZED 

PLATE  1 

PLATE  2 

PLATE 

3 

TLATE  4 

K 

ACK) 

BCK) 

ACK) 

BOO 

ACK) 

R(K) 

ACK)  BCK) 

1 

-0.008145 

0.0 

0.007274 

0.0 

0.006145 

0.0 

-0. 

007274  0.0 

2 

0.857614 

-0.514294 

-0.514576 

-0.857565 

-0.F57614 

0.514294 

0. 

514376  0.857565 

5 

-0.008825 

0.003705 

0.003257 

0.0093C7 

0.008825  - 

0*  003705 

-0. 

003257  -0,009362 

4 

0.000177 

0. OC04C2 

0.001263 

0.000299 

-0.D00177  - 

0.000402 

-0. 

001263  -0.000299 

5 

-0.000063 

0. 00024? 

0.000214 

-0.000505 

0.000083  - 

0.000242 

-0. 

000214  0.000305 

ANGULAR  BIAS 

BETWEEN  PATTERN 

ZfRO  AND  TURNTABLE  ZERO 

30.95 

DEGREES 

30.96 

DEGREES 

30.95 

OCCREES 

30.96  DEGREES 

---OPPOS1TC  PLATE  SUMMATION  WITHOUT  TILT  CORRECT  ION--- 


MEAN  BIAS  ANCLE  «■  50.95  DECREES,  DIFFERENCE  IN  ANCLTS  •  2.7OBE-05  DECREES,  JER  •  5 


K 


FOURIER  COEFFICIENTS  ROTATCD  BY 
COSINE  PLATES 
A13CK)  B  1  3  C  K ) 


BIAS  ANGLE 

SINE  PLATES 
A24CK)  P  21*  <K  ) 


1 

2 

3 

4 

5 


0.016280 

1.999999 

0.019848 

0.000821 

0.000510 


0.0 

0.000094 
0.012081 
0.000514 
0. 000408 


0. 014548 
0.000095 
0.013450 
0 . PC  0  7  24 
0. POO  269 


0.0 

1.999998 

0.014565 

0.002493 

0.000695 


ERROR  RESIDUE - ERROR 

MAXIMUM  OF  ERROR  FUNCTION 


FUNCTION  RELATIVE  TO  PATTERN  ZERO 
-  6 , 3E  ARC  MINUTES  AT  130.00  DEGREES 


ERROR  FUNCTION  COfEF I C I TNTS 


K  AFR(K) 


BERCK)  (IN  RADIANS) 


1 

2 

3 

4 

5 


-0.000002 

-0.000896 

0.000159 

0.000582 

0.PC02G7 


0.0 

C.OPP7F? 

-0.000835 

-0.CP0190 

-0.000416 
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